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Abstract	
	
Fusarium	wilt	 or	 Panama	disease	 is	 the	most	 destructive	 fungal	 disease	 of	 banana	 and	 is	
caused	by	the	hemi-biotrophic	fungus,	Fusarium	oxysporum	f.	sp.	cubense	(Foc).	There	are	
three	banana-infecting	‘races’	of	the	pathogen,	based	on	host	susceptibility.	Race	1	infects	
cultivars	such	as	‘Gros	Michel’	(AAA),	‘Lady	Finger’	(AAB)	and	‘Silk’	(AAB)	varieties,	and	was	
responsible	 for	 the	 decimation	 of	 commercial	 banana	 plantations	 in	 South	 and	 Central	
America	in	the	1950s.	Race	2	affects	cooking	bananas	such	as	‘Bluggoe’	(ABB)	while	race	4	is	
capable	of	attacking	‘Cavendish’	(AAA)	as	well	as	the	other	varieties	of	banana	affected	by	
races	 1	 and	 2.	 Race	 4	 is	 further	 divided	 into	 ‘subtropical’	 and	 ‘tropical’	 strains.	Whereas	
‘subtropical’	race	4	generally	only	causes	disease	in	plants	growing	in	subtropical	climates,	
‘tropical’	 race	 4,	 a	 more	 virulent	 form	 of	 the	 pathogen,	 is	 capable	 of	 causing	 disease	 in	
‘Cavendish’	growing	under	any	conditions.	
	
The	only	effective	means	of	controlling	Panama	disease	is	by	host	resistance	but	the	use	of	
conventional	breeding	approaches	to	generate	resistant	banana	cultivars	is	hindered	by	the	
sterile	 nature	 of	 commercial	 banana	 varieties.	 Molecular	 breeding	 offers	 an	 alternative	
strategy	for	the	generation	of	disease	resistant	bananas	and	several	approaches	are	already	
under	 investigation	 in	 several	 laboratories.	 As	 a	 hemi-biotroph,	 Foc	 is	 thought	 to	 create	
conditions	 favourable	 for	 the	 necrotrophic	 stage	 of	 its	 life	 cycle	 by	 the	 production	 of	
chemicals,	 which	 induce	 programmed	 cell	 death	 (PCD)	 in	 host	 cells.	 Preventing	 the	
occurrence	of	PCD	early	on	during	the	infection	process	appears	therefore	as	an	attractive	
approach	 to	control	Foc.	The	use	of	anti-apoptosis	genes	 for	 the	generation	of	 transgenic	
plants	with	resistance	to	a	broad	range	of	necrotrophic	fungal	pathogens	has	already	been	
shown	in	many	plant	species	including	banana.	Indeed,	a	selection	of	these	genes	has	been	
shown	to	confer	increased	tolerance	to	Foc	race	1	in	transgenic	‘Lady	Finger’	bananas	under	
glasshouse	conditions.	Although	encouraging,	the	transgenes	used	in	these	studies	were	of	
animal	origin	and	thus	unlikely	to	be	approved	for	practical	exploitation.	
	
As	 such,	 one	 of	 the	 aims	 of	 the	 present	 study	was	 to	 investigate	whether	 anti-apoptosis	
genes	derived	from	non-animal	sources	could	be	used	to	generate	transgenic	banana	plants	
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with	 resistance	 to	 Foc	 race	 1.	 The	 second	 aim	 of	 the	 research	 was	 to	 gain	 a	 better	
understanding	of	the	interaction	between	Foc	race	1	and	its	host,	banana,	and	to	investigate	
the	role	of	PCD	during	infection	and	generation	of	resistance.	Finally,	the	third	aim	was	to	
develop	a	real-time	quantitative	PCR	(RT-qPCR)	assay	for	detecting	and	quantifying	the	load	
of	Foc	race	1	DNA	in	different	tissue	of	infected	banana	plants.	The	fungal	colonisation	and	
the	 morphological	 changes	 associated	 with	 the	 infection	 were	 also	 investigated	 in	 hosts	
with	varying	susceptibility	to	Foc	race	1	using	microscopy.	
	
One	hundred	 and	 eighteen	putatively	 transgenic	 ‘Lady	 Finger’	 banana	 lines	 harboring	 the	
anti-apoptosis	genes	AtBag4,	OsBag4,	Ced-9,	mCed-9,	p35,	AtBI-1,	Sf-iap,	Hsp70,	Hsp90	and	
a	 combination	 of	 AtBag4+Hsp70	were	 generated	 and	 screened	 for	 the	 presence	 of	 the	
transgenes	 by	 conventional	 end-point	 polymerase	 chain	 reaction	 (PCR).	 Results	 indicated	
that	 112	 (94.9.%)	 lines	 contained	 the	 respective	 transgenes.	 Four	 preliminary	 glasshouse	
trials	 were	 conducted	 on	 these	 lines	 using	 only	 four	 clones	 per	 transgenic	 line,	 three	 of	
which	were	inoculated	with	Foc	race	1	and	assessed	after	a	period	of	12	weeks.	From	these	
initial	trials,	45	lines	with	increased	tolerance	to	Foc	race	1	were	identified.	These	promising	
lines	were	 subsequently	 subjected	 to	 Southern	 analysis	 to	 determine	 the	 transgene	 copy	
number.	Of	the	45	 lines	tested,	11	 lines	 (24.4%)	had	1	copy,	9	 lines	 (20%)	had	2	copies,	9	
lines	(20%)	had	3	copies,	3	lines	(6.7%)	had	4	copies	and	13	lines	(28.9%)	had	more	than	4	
copies.	Following	Southern	analysis,	34	 lines	containing	1	to	4	transgene-integrated	copies	
were	selected	for	a	more	comprehensive	screening	during	which	the	number	of	inoculated	
replicates	 per	 line	 was	 increased	 to	 10	 clones	 and	 was	 done	 across	 three	 additional	
glasshouse	trials.	At	the	completion	of	all	 trials,	4	 lines	(1	x	OsBag4	and	3	x	AtBag4)	were	
identified	as	having	increased	tolerance	to	Foc	race	1.	These	four	lines,	in	addition	to	other	
two	 OsBag4	 promising	 lines	 and	 one	 LF-gfp	 control	 line	 were	 selected	 for	 transgene	
expression	analysis	using	RT-qPCR.	These	analyses	 indicated	that,	although	the	transgenes	
were	expressed	in	all	six	promising	lines,	the	levels	of	expression	varied	by	up	to	96%.	The	
results	 also	 showed	 that	 inoculation	 with	 Foc	 could	 have	 an	 effect	 on	 the	 stability	 of	
transgene	expression.		
	
To	gain	a	better	understanding	of	the	interaction	between	Foc	race	1	and	its	host,	banana,	
and	 to	 investigate	 the	 role	 of	 PCD	 during	 infection	 and	 generation	 of	 resistance,	 it	 was	
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necessary	to	establish	and	optimize	a	quick,	reliable	in-vitro	screening	assay	for	Foc	race	1.	
Before	the	present	study,	Foc	in-vitro	bioassays	had	never	been	tested	under	our	laboratory	
settings.	 Therefore,	 a	 preliminary	 trial	 was	 done	 to	 evaluate	 conditions	 necessary	 for	
successful	and	reliable	infection	of	in-vitro	banana	plantlets	with	Foc	race	1.	Using	wild-type	
plantlets	of	the	Foc	race	1	susceptible	cultivar	‘Lady	Finger’	and	the	resistant	‘Cavendish’	(cv	
‘William’)	 cultivar,	 it	 was	 shown	 that	 reliable	 and	 effective	 infection	 of	 susceptible	 ‘Lady	
Finger’	 banana	 could	 be	 achieved	 in-vitro	 using	 a	 spore	 concentration	 of	 106	 spores/mL.	
Following	 successful	 and	 repeatable	 infection	 of	 the	 control	 ‘Lady	 Finger’	 susceptible	
plantlets	 in-vitro,	 the	 test	was	used	 to	evaluate	 two	 transgenic	 ‘Lady	Finger’	banana	 lines	
(LF-AtBag4-69	 and	 LF-OsBag4-33),	 which	 had	 previously	 been	 shown	 to	 have	 increased	
resistance	to	Foc	race	1	in	glasshouse	bioassays.	Both	transgenic	‘Lady	Finger’	lines	showed	
low	levels	of	external	symptoms	of	Foc	24	days	post-inoculation	and	more	importantly	both	
had	only	3.4%	of	internal	discoloration	of	the	vascular	system.	
	
During	 the	 course	 of	 the	 in-vitro	 screening,	 root	 samples	 were	 collected	 from	 control	
resistant	 and	 susceptible	 plants	 and	 from	 the	 two	 transgenic	 lines	 LF-AtBag4-69	 and	 LF-
OsBag4-33	 and	 were	 (i)	 examined	 microscopically	 to	 investigate	 the	 interaction	 and	
colonisation	behavior	of	Foc	race	1	in	transgenic	and	non-transgenic	banana	plants	and	(ii)	
analysed	 for	 the	 presence	 of	 PCD	 using	 TUNEL	 assays.	 Microscopic	 examination	 of	 root	
sections	showed	that	Foc	was	able	to	colonise	and	penetrate	the	cell	wall	of	the	roots	of	all	
lines	tested.	Further,	more	fungal	structures	were	observed	in	the	susceptible	‘Lady	Finger’	
plants	than	in	both	the	known	resistant	wild-type	control	plants	and	the	two	transgenic	lines	
examined.	Furthermore,	since	lines	LF-AtBag4-69	and	LF-OsBag4-33	harbored	anti-apoptosis	
transgenes,	TUNEL	assays	were	performed	on	the	roots	of	these	lines	after	exposure	to	Foc	
race	 1	 to	 confirm	 whether	 root	 cells	 in	 these	 lines	 showed	 a	 reduction	 in	 Foc-induced	
apoptotic	cells	compared	to	the	susceptible	 ‘Lady	Finger’	plants.	Results	 revealed	that	 the	
root	cells	of	both	transgenic	lines	contained	considerably	fewer	apoptotic	cells	than	the	root	
cells	from	the	wild-type	susceptible	plants.		
	
The	third	aim	of	this	study	was	to	develop	a	RT-qPCR	assay	for	detecting	and	quantifying	the	
fungal	load	in	different	tissues	of	Foc	race	1	inoculated	plants	and	to	assess	the	colonisation	
and	 morphological	 changes	 in	 different	 banana	 tissue	 in	 relation	 to	 different	 host	
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susceptibility	using	microscopy.	Root	samples	from	the	transgenic	‘Lady	Finger’	banana	lines	
LF-AtBag4-69	and	LF-OsBag4-33	that	showed	a	high	level	of	resistance	to	Foc	race	1	during	
glasshouse	and	in-vitro	studies	were	compared	to	the	susceptible	cultivar	‘Lady	Finger’	and	
the	 resistant	 cultivar	 ‘Williams’	 using	 three	different	microscopy	 techniques.	 Following	12	
weeks	 exposure	 to	 Foc	 race	 1	 in	 the	 glasshouse,	 cellular	 damage	 associated	 with	 fungal	
mycelium	was	observed	and	was	more	abundant	in	‘Lady	Finger’	than	in	‘Williams’	and	both	
of	 the	 transgenic	 lines.	 Absolute	 quantification	 using	 RT-qPCR	 was	 also	 conducted	 to	
compare	 the	 amount	 of	 fungal	 DNA	 load	 present	 in	 leaf,	 stem,	 corm	 and	 root	 tissues	 of	
inoculated	‘Lady	Finger’	plants	compared	to	the	two	promising	transgenic	 lines	LF-AtBag4-
69	and	LF-OsBag4-33.	 ‘Lady	Finger’	had	a	considerably	higher	fungal	 load	(108	copies)	than	
lines	LF-AtBag4-69	and	LF-OsBag4-33,	which	only	had	102	and	101	copies,	respectively.		
	
This	research	has	demonstrated	that	anti-apoptosis	genes	from	plant	and	viral	origin	can	be	
over-expressed	 in	 transgenic	 ‘Lady	Finger’	banana	 to	provide	 strong	 tolerance	against	Foc	
race	 1.	 In	 addition,	 the	 development	 of	 a	 working	 in-vitro	 screening	 method	 for	 quick	
selection	of	Foc	resistant	plants	provides	a	platform	for	further	exploration	and	exploitation	
of	 these	 genes.	 This	 research	 has	 also	 developed	 and	 optimised	 RT-qPCR	 methods	 for	
transgenes	and	fungal	DNA	 load	quantification	 in	different	banana	tissue.	These	tools	and	
the	 addition	 of	 microscopic	 evaluation	 techniques	 have	 provided	 and	 will	 continue	 to	
provide	 valuable	 information	 on	 the	 Foc	 pathogen	 and	 the	 interactions	 with	 its	 host.	
Consequently,	this	study	has	contributed	to	the	existing	efforts	in	controlling	Fusarium	wilt	
disease	and	at	the	same	time	given	a	better	understanding	of	plant-pathogen	interactions.	
	
	
	
	
	
	
	
	
	
 	
 
5	
Table	of	content	
LIST	OF	FIGURES	 10	
LIST	OF	TABLES	 13	
LIST	OF	ABBREVIATIONS	 14	
DECLARATION	 16	
ACKNOWLEDGEMENTS	 17	
DEDICATION	 19	
CHAPTER	1	-	LITERATURE	REVIEW	 20	
1.1	INTRODUCTION	 20	
1.1.1	ORIGIN	AND	IMPORTANCE	OF	BANANA	 20	
1.1.2	DISTRIBUTION,	IMPORTS	AND	EXPORTS	OF	BANANA	WORLDWIDE	 22	
1.2	DISEASES	OF	BANANA	AND	PLANTAIN	 26	
1.2.1	SIGATOKA	DISEASES	 26	
1.2.1.1	Black	Sigatoka	 26	
1.2.1.2	Yellow	Sigatoka	 27	
1.2.2	FUSARIUM	WILT	 27	
1.2.2.1	Distribution,	host	range	and	spread	of	Fusarium	wilt	 27	
1.2.2.2	Infection	and	host	symptoms	 28	
1.2.2.3	Taxonomy	 31	
1.2.2.4	Morphology	of	Foc	 31	
1.2.2.5	Current	control	measures	 33	
1.3	DISEASE	RESISTANCE	IN	BANANA	 33	
1.3.1	RESISTANCE	(R)	GENES	 																																																																																																																																																	35	
1.3.2	ANTIMICROBIAL	PROTEINS	(AMPS)	 36	
1.3.3	INHIBITION	OF	PROGRAMMED	CELL	DEATH	(PCD)	AS	A	NOVEL	RESISTANCE	STRATEGY	 37	
1.4	PROGRAMMED	CELL	DEATH	 38	
1.4.1	PCD	IN	THE	ANIMAL	KINGDOM	 38	
1.4.1.1	Autophagy	 38	
1.4.1.2	Apoptosis	 40	
 	
 
6	
1.4.1.2.1	Molecular	mechanisms	of	apoptosis	 41	
1.4.1.2.2	Caspases	 41	
1.4.1.2.3	Bcl-2	proteins	and	the	regulation	of	apoptosis	 42	
1.4.1.3	New	emerging	forms	of	PCD	in	animals	 44	
1.4.1.3.1	Necroptosis	 44	
1.4.1.3.2	Pyroptosis	 46	
1.4.2	PCD	IN	PLANTS	 47	
1.4.2.1	PCD	during	plant	development	and	maturation	 48	
1.4.2.2	Caspase-like	proteolytic	activity	regulates	plant	PCD	 50	
1.4.2.3	Abiotic	stress-induced	PCD	 50	
1.4.2.4	Pathogen-induced	PCD	 51	
1.4.2.5	The	BAG	and	HSP	protein	families	 52	
1.4.3	EXPLOITATION	OF	PCD	RELATED	GENES	IN	TRANSGENIC	PLANTS	 53	
1.5	UNDERSTANDING	INTERACTIONS	BETWEEN	FOC	AND	ITS	HOST,	BANANA	 55	
1.6	RESEARCH	PROBLEM,	AIM	AND	OBJECTIVES	 56	
CHAPTER	2	-	GENERAL	MATERIALS	AND	METHODS	 58	
2.1	 GENERAL	MATERIALS	 58	
2.1.1		SOURCES	OF	SPECIALISED	REAGENTS	 58	
2.2	 GENERAL	SOLUTIONS	 58	
2.2.1	MEDIA	AND	SOLUTIONS	FOR	NUCLEIC	ACID	AMPLIFICATION,	CLONING	AND	SEQUENCING	 58	
2.2.2		MEDIA	AND	SOLUTIONS	FOR	PLANT	NUCLEIC	ACID	EXTRACTION	 59	
2.2.3	MEDIA	AND	SOLUTIONS	FOR	SOUTHERN	ANALYSIS	 59	
2.3	 GENERAL	METHODS	 59	
2.3.1		NUCLEIC	ACID	EXTRACTION	AND	PURIFICATION	 60	
2.3.1.1	 Genomic	DNA	extraction	from	plant	tissues	 60	
2.3.1.2	 Total	RNA	extraction	from	plant	tissues	 60	
2.3.1.3	 Isolation	and	purification	of	plasmid	DNA	 61	
2.3.2		OLIGODEOXYRIBO	NUCLEOTIDE	SYNTHESIS	 62	
2.3.3		NUCLEIC	ACID	AMPLIFICATION	AND	QUANTIFICATION	 62	
2.3.3.1	 Polymerase	chain	reaction	(PCR)	 62	
2.3.3.2	 Complementary	DNA	(cDNA)	synthesis	and	reverse	transcription	PCR	(RT-qPCR)	 62	
2.3.3.3	 Real-time	quantitative	PCR	(RT-qPCR)	 63	
2.3.3.3.1		Selection	and	validation	of	reference	genes	for	RT-qPCR	 																																														63	
2.3.3.3.2			Real-time	calibrator	preparation	and	application	 																																																													63	
 	
 
7	
2.3.3.3.3		Transgene	specific	RT-	PCR	reactions	 																																																																																									64	
2.3.3.3.4		Absolute	quantification	of	fungal	DNA	load	in-planta	using	RT-qPCR	 																																64	
2.3.4		NUCLEIC	ACID	MANIPULATION	 64	
2.3.4.1	 Digestion	with	restriction	enzymes	 64	
2.3.4.2	 Agarose	gel	electrophoresis	 65	
2.3.4.3	 Purification	of	DNA	from	agarose	gels	 65	
2.3.4.4	 Ligation	of	DNA	fragments	 65	
2.3.4.5	 DNA	sequencing	 65	
2.3.5		SOUTHERN	BLOT	ANALYSIS	 66	
2.3.5.1	 Synthesis	of	digoxigenin	(DIG)-labeled	nucleic	acid	probes	 66	
2.3.5.2	 Pre-hybridisation,	hybridisation	and	signal	detection	 66	
2.3.6		BACTERIAL	WORK	 67	
2.3.6.1			Preparation	of	chemically	competent	Escherichia	coli	 67	
2.3.6.2			Bacterial	transformation	 67	
2.3.6.3			Growth	of	bacteria	in	liquid	cultures	 68	
2.3.6.4			Preparation	of	bacterial	glycerol	stocks	 68	
2.4	 GENERAL	PLANT	TISSUE	CULTURE	 68	
2.4.1	MULTIPLICATION	AND	ROOTING	OF	BANANA	PLANTLETS	 68	
2.4.2	ACCLIMATISATION	OF	BANANA	PLANTLETS	 68	
2.5	 PREPARATION	OF	FUNGAL	INOCULUM	 69	
2.6	 PLANT	INOCULATION	WITH	FOC	RACE	1	-	FOC	BIOASSAYS	 69	
2.7	 SPECIMEN	PREPARATION	FOR	HISTOLOGY	 69	
2.8	 TUNEL	ASSAYS	 70	
CHAPTER	3	-	EVALUATION	OF	TRANSGENIC	‘LADY	FINGER’	BANANA	FOR	RESISTANCE	TO	
FUSARIUM	OXYSPORUM	F.	SP.	CUBENSE	(FOC)	RACE	1	 72	
3.1	 INTRODUCTION	 72	
3.2	 MATERIALS	AND	METHODS	 75	
3.2.1	 ISOLATION	OF	GENOMIC	DNA	AND	RNA	FROM	BANANA	LEAF	TISSUE	 75	
3.2.2	 POLYMERASE	CHAIN	REACTION	(PCR)	 75	
3.2.3	 GLASSHOUSE	BIOASSAYS	WITH	FOC	RACE	1	 80	
3.2.4	 ASSESSMENT	OF	DISEASE	SYMPTOMS,	DATA	COLLECTION	AND	ANALYSIS	 80	
3.2.5	 STATISTICAL	ANALYSIS	 85	
3.2.6	 SOUTHERN	BLOT	ANALYSIS	 85	
 	
 
8	
3.2.7	REVERSE	TRANSCRIPTASE	PCR	(RT-QPCR)	AND	REAL	TIME	QUANTITATIVE	PCR	(RT-	QPCR)	 85	
3.3				RESULTS	 88	
3.3.1	CHARACTERISATION	OF	TRANSGENIC	PLANTS	BY	PCR	 88	
3.3.2	MULTIPLICATION,	ACCLIMATISATION	OF	TISSUE	CULTURE	BANANA	PLANTLETS	AND	PHENOTYPIC	ASSESSMENT	
	 	 88																																																																																																																																																																																																																							
3.3.3	EVALUATION	OF	TRANSGENIC	LADY	FINGER	BANANA	LINES	FOR	FOC	RACE	1	RESISTANCE	 94	
3.3.3.1	 Preliminary	Foc	glasshouse	trials	(Trial	1-4)	 94	
3.3.3.2	 Summary	of	trials	1-4	and	Southern	analyses	 106	
3.3.3.3	 Final	Foc	glasshouse	trials	(Trial	5-7)	 109	
3.3.4	RELATIVE	TRANSGENE	EXPRESSION	ANALYSIS	USING	REAL-TIME	QUANTITATIVE	PCR	(RT-	QPCR)	 117	
3.4	 DISCUSSION	 125	
CHAPTER	4	-	DEVELOPMENT	AND	OPTIMISATION	OF	AN	IN-VITRO	SCREENING	ASSAY	FOR	
FUSARIUM	OXYSPORUM	F.	SP.	CUBENSE	RACE	1	 131	
4.1	INTRODUCTION	 131	
4.2	MATERIALS	AND	METHODS	 133	
4.2.1	PLANT	MATERIALS	 133	
4.2.2	PREPARATION	OF	FUNGAL	INOCULUM	 133	
4.2.3	IN-VITRO	PLANT	INOCULATIONS	 133	
4.2.4	ASSESSMENT	OF	DISEASE	SEVERITY	 135	
4.2.5	ROOT	HISTOLOGY	 135	
4.2.6	TUNEL	ASSAYS	 135	
4.3	RESULTS	 137	
4.3.1	EFFECT	OF	SPORE	CONCENTRATION	ON	FUSARIUM	WILT	DISEASE	DEVELOPMENT	IN-VITRO	 137	
4.3.1.1	In-vitro	Evaluation	of	Fusarium	wilt	Disease	Development	In	Transgenic	‘Lady	Finger’	Lines	
Expressing	bag4	transgenes	 140	
4.3.1.2	Microscopic	examination	and	detection	of	programmed	cell	death	(PCD)	in	the	roots	of	
transgenic	and	non-transgenic	banana	lines	inoculated	in-vitro	with	Foc	race	1.	 148	
4.4	DISCUSSION	 157	
CHAPTER	5	-	DETECTION	AND	QUANTIFICATION	OF	FUSARIUM	OXYSPORUM	F.	SP.	CUBENSE	RACE	
1	IN	INOCULATED	TRANSGENIC	AND	WILD-TYPE	‘LADY	FINGER’	BANANA	PLANTS	 161	
5.1	INTRODUCTION	 161	
5.2	MATERIALS	AND	METHODS	 163	
5.2.1	FUNGAL	MATERIAL	 163	
 	
 
9	
5.2.2	PLANT	MATERIAL	 163	
5.2.3	FUNGAL	INOCULATIONS	-	FOC	BIOASSAYS	 163	
5.2.4	DNA	ISOLATION	 164	
5.2.5	POLYMERASE	CHAIN	REACTION	(PCR)	FOR	THE	DETECTION	FOC	RACE	1	 164	
5.2.6	PCR	PRODUCTS	CLONING	AND	SEQUENCING	 164	
5.2.7	SEQUENCE	ANALYSIS	 166	
5.2.8		REAL-TIME	QUANTITATIVE	PCR	(RT-	QPCR)	 166	
5.2.9	HISTOLOGY	 167	
5.2.10	STATISTICAL	ANALYSIS	 168	
5.3	RESULTS	 168	
5.3.1	DEVELOPMENT	OF	A	MOLECULAR	MARKER	FOR	THE	DETECTION	AND	QUANTIFICATION	OF	FOC	RACE	1	IN-
PLANTA	 168	
5.3.1.1	Qualitative	PCR	detection	of	Foc	race	1	and	primer	optimisation	 168	
5.3.1.2	Quantitative	real-time	PCR	detection	of	Foc	race	1	in-planta	 175	
5.3.2	QUALITATIVE	DETECTION	OF	FOC	RACE	1	IN-PLANTA	USING	MICROSCOPY	 177	
5.4	DISCUSSION	 185	
CHAPTER	6	-	GENERAL	DISCUSSION	AND	CONCLUSIONS	 190	
APPENDICES	 194	
REFERENCES	 210	
	
	
	
	
	
	
	
	
	
	
	
	
 	
 
10	
List	of	figures	
	
FIGURE	1.1.	DISTRIBUTION	OF	WORLD	BANANA	AND	PLANTAIN	PRODUCTION	BY	CONTINENT.	...................................................	23	
FIGURE	1.2.	DISTRIBUTION	OF	WORLD	BANANA	EXPORTATION	-	MAJOR	EXPORTING	COUNTRIES.	..............................................	24	
FIGURE	1.3.	BANANA	AND	PLANTAIN	PRODUCTION	RANKING	BY	COUNTRIES..	........................................................................	25	
FIGURE	1.4.	GEOGRAPHICAL	DISTRIBUTION	OF	FUSARIUM	OXYSPORUM	F.	SP.	CUBENSE	AROUND	THE	WORLD..	............................	29	
FIGURE	1.5.	SYMPTOMS	OF	FUSARIUM	WILT	OF	BANANA…	...............................................................................................	30	
FIGURE	1.6.	THE	THREE	TYPES	OF	ASEXUAL	SPORES	PRODUCED	BY	FUSARIUM	OXYSPORUM	F.	SP.	CUBENSE,	AS	VIEWED	UNDER	LIGHT	
MICROSCOPY..	..................................................................................................................................................	32	
FIGURE	1.7.	PATHWAYS	TO	CELL	DEATH…	......................................................................................................................	39	
FIGURE	1.8.	THE	‘EXTRINSIC’	AND	‘INTRINSIC’	PATHWAYS	LEADING	TO	APOPTOSIS…	...............................................................	43	
FIGURE	1.9.	 EXAMPLES	 OF	 PROGRAMMED	 CELL	 DEATH	 (PCD)	 IN	 PLANT	 DEVELOPMENT	 AND	 IN	 RESPONSE	 TO	 ENVIRONMENTAL	
FLUCTUATIONS..	...............................................................................................................................................	49	
FIGURE	3.1,	A.	VECTOR	MAPS	OF	BINARY	PLASMIDS	USED	FOR	TRANSFORMATION	IN	THIS	STUDY.	.............................................	77	
FIGURE	3.1,	B.	VECTOR	MAPS	OF	BINARY	PLASMIDS	USED	FOR	TRANSFORMATION	IN	THIS	STUDY.	.............................................	78	
FIGURE	3.1,	C.	VECTOR	MAPS	OF	BINARY	PLASMIDS	USED	FOR	TRANSFORMATION	IN	THIS	STUDY.	.............................................	79	
FIGURE	3.2.	PREPARATION	OF	FUSARIUM	OXYSPORUM	F.	SP.	CUBENSE	RACE	1	INOCULUM…	...................................................	82	
FIGURE	3.3.	INOCULATION	OF	BANANA	PLANTLETS	WITH	FUSARIUM	OXYSPORUM	F.	SP.	CUBENSE	RACE	1…	................................	83	
FIGURE	 3.4.	 DETAILED	 SCORING	 SYSTEM	 FOR	 THE	 ASSESSMENT	 OF	 FUSARIUM	 WILT	 EXTERNAL	 SYMPTOMS	 DURING	 GLASSHOUSE	
BIOASSAYS.	......................................................................................................................................................	84	
FIGURE	3.5.	SCORING	SYSTEM	FOR	FUSARIUM	WILT	INTERNAL	SYMPTOMS	IN	GLASSHOUSE	BIOASSAYS…	....................................	86	
FIGURE	3.6.	REPRESENTATIVE	AGAROSE	GELS	OF	THE	PCR	SCREENINGS..	.............................................................................	89	
FIGURE	3.7.	REPRESENTATIVE	AGAROSE	GELS	OF	THE	PCR	SCREENINGS..	.............................................................................	90	
FIGURE	3.8.	BANANA	PLANTLETS	AT	DIFFERENT	STAGES	OF	DEVELOPMENT..	.........................................................................	92	
FIGURE	3.9.	REPRESENTATIVE	PICTURES	OF	PHENOTYPIC	ABNORMALITIES	IN	TRANSGENIC	LINE	LF-ATBAG4-69..	.........................	93	
FIGURE	3.10.	QUANTITATIVE	ASSESSMENT	OF	THE	INTERNAL	SYMPTOMS	OF	FOC	RACE	1	INFECTION	ON	WILD-TYPE	AND	TRANSGENIC	
‘LADY	FINGER’	BANANA	LINE	IN	T1…	....................................................................................................................	97	
FIGURE	3.11.	REPRESENTATIVE	PICTURES	OF	THE	INTERNAL	SYMPTOMS	OF	FOC	RACE	1	INFECTION	ON	WILD-TYPE	BANANA	PLANTS	12	
WEEKS	POST-INOCULATION….	.............................................................................................................................	98	
FIGURE	3.12.	REPRESENTATIVE	PICTURES	OF	THE	 INTERNAL	SYMPTOMS	OF	FOC	RACE	1	 INFECTION	ON	TRANSGENIC	 ‘LADY	FINGER’	
BANANA	LINES	12	WEEKS	POST-INOCULATION.	.......................................................................................................	99	
FIGURE	3.13.	QUANTITATIVE	ASSESSMENT	OF	THE	INTERNAL	SYMPTOMS	OF	FOC	RACE	1	INFECTION	ON	WILD-TYPE	AND	TRANSGENIC	
‘LADY	FINGER’	BANANA	LINE	IN	T2....	.................................................................................................................	101	
FIGURE	3.14.	REPRESENTATIVE	PICTURES	OF	THE	INTERNAL	SYMPTOM	OF	FOC	RACE	1	INFECTION	ON	WILD-TYPE	BANANA	PLANTS	AND	
TRANSGENIC	‘LADY	FINGER’	BANANA	LINES	12	WEEKS	POST-INOCULATION…	..............................................................	102	
FIGURE	3.15.	QUANTITATIVE	ASSESSMENT	OF	THE	INTERNAL	SYMPTOMS	OF	FOC	RACE	1	INFECTION	ON	WILD-TYPE	AND	TRANSGENIC	
‘LADY	FINGER’	BANANA	LINE	IN	T3..	...................................................................................................................	104	
 	
 
11	
FIGURE	3.16.	QUANTITATIVE	ASSESSMENT	OF	THE	INTERNAL	SYMPTOMS	OF	FOC	RACE	1	INFECTION	ON	WILD-TYPE	AND	TRANSGENIC	
‘LADY	FINGER’	BANANA	LINE	IN	T4…	..	.	..............................................................................................................	105	
FIGURE	3.17.	SOUTHERN	BLOT	ANALYSIS	TO	DETERMINE	TRANSGENE	COPY	NUMBER	IN	TRANSGENIC	‘LADY	FINGER’	BANANA	LINES..
	...................................................................................................................................................................	107	
FIGURE	3.18.	QUANTITATIVE	ASSESSMENT	OF	THE	INTERNAL	SYMPTOMS	OF	FOC	RACE	1	INFECTION	ON	WILD-TYPE	AND	TRANSGENIC	
‘LADY	FINGER’	BANANA	LINE	IN	T5…	..................................................................................................................	110	
FIGURE	3.19.	REPRESENTATIVE	PICTURES	OF	THE	 INTERNAL	SYMPTOM	OF	FOC	RACE	1	 INFECTION	ON	WILD-TYPE	AND	TRANSGENIC	
‘LADY	FINGER’	BANANA	PLANTS	12	WEEKS	POST-INOCULATION..	.............................................................................	111	
FIGURE	3.20.	QUANTITATIVE	ASSESSMENT	OF	THE	INTERNAL	SYMPTOMS	OF	FOC	RACE	1	INFECTION	ON	WILD-TYPE	AND	TRANSGENIC	
‘LADY	FINGER’	BANANA	LINE	IN	T6…	..................................................................................................................	113	
FIGURE	3.21.	QUANTITATIVE	ASSESSMENT	OF	THE	INTERNAL	SYMPTOMS	OF	FOC	RACE	1	INFECTION	ON	WILD-TYPE	AND	TRANSGENIC	
‘LADY	FINGER’	BANANA	LINE	IN	T7…	..................................................................................................................	115	
FIGURE	3.22.	REPRESENTATIVE	 PICTURES	OF	 THE	 INTERNAL	 SYMPTOM	OF	 FOC	 RACE	1	 INFECTION	ON	 TRANSGENIC	 ‘LADY	 FINGER’	
BANANA	PLANTS	12	WEEKS	POST-INOCULATION…	.................................................................................................	116	
FIGURE	3.23.	REPRESENTATIVE	AGAROSE	GELS	OF	THE	PCR	SCREENINGS..	.........................................................................	118	
FIGURE	3.24.	REPRESENTATIVE	AGAROSE	GELS	OF	THE	RT-PCR..	.....................................................................................	119	
FIGURE	3.25.	RELATIVE	EXPRESSION	LEVELS	IN	THE	LEAVES	OF	FOC	RACE	1	INOCULATED	AND	NON-INOCULATED	TRANSGENIC	BANANA	
LINES	EXPRESSING	ATBAG4,	OSBAG4	AND	GFP…	..................................................................................................	122	
FIGURE	4.1.	PREPARATION	OF	FOC	INOCULUM	USED	FOR	THE	IN-VITRO	SCREENING	OF	TISSUE	CULTURE	BANANA	PLANTS..	...........	134	
FIGURE	4.2.	INTERNAL	SYMPTOMS	OF	FUSARIUM	WILT	ON	BANANA	PLANTLETS	FOLLOWING	24	DAYS	EXPOSURE	TO	FOC	RACE	1	 IN-
VITRO..	.........................................................................................................................................................	138	
FIGURE	4.3.	EFFECTS	OF	FOC	RACE	1	SPORE	CONCENTRATIONS	ON	THE	EXTERNAL	SYMPTOMS	OF	FUSARIUM	WILT	IN	THE	SUSCEPTIBLE,	
‘LADY	FINGER’	AND	RESISTANT,	‘WILLIAMS’	BANANA	CULTIVARS	(PRELIMINARY	TRIAL)..	...............................................	139	
FIGURE	4.4.	EXTERNAL	AND	INTERNAL	SYMPTOMS	OF	FUSARIUM	WILT	IN	WILD-TYPE	AND	TRANSGENIC	‘LADY	FINGER’	BANANA	LINES	
(TRIAL	A)…	...................................................................................................................................................	141	
FIGURE	 4.5.	 EFFECT	 OF	 FOC	 RACE	 1	 SPORES	 ON	 THE	 EXTERNAL	 SYMPTOMS	 OF	 FUSARIUM	 WILT	 IN	 TRANSGENIC	 ‘LADY	 FINGER’	
BANANA	LINES	(TRIAL	A)…	...............................................................................................................................	142	
FIGURE	 4.6.	 MEASUREMENT	 OF	 THE	 INTERNAL	 SYMPTOMS	 OF	 FUSARIUM	 WILT	 IN	 WILD-TYPE	 AND	 TRANSGENIC	 ‘LADY	 FINGER’	
BANANA	LINES	(TRIAL	A)…	...............................................................................................................................	143	
FIGURE	4.7.	EXTERNAL	AND	INTERNAL	SYMPTOMS	OF	FUSARIUM	WILT	IN	WILD-TYPES	AND	TRANSGENIC	‘LADY	FINGER’	BANANA	LINES	
(TRIAL	B)…	...................................................................................................................................................	145	
FIGURE	 4.8.	MEASUREMENT	 OF	 THE	 INTERNAL	 SYMPTOMS	 OF	 FUSARIUM	 WILT	 IN	 WILD-TYPES	 AND	 TRANSGENIC	 ‘LADY	 FINGER’	
BANANA	LINES	(TRIAL	B)…	...............................................................................................................................	146	
FIGURE	 4.9.	 EFFECTS	 OF	 FOC	 RACE	 1	 SPORES	 ON	 THE	 EXTERNAL	 SYMPTOMS	 OF	 FUSARIUM	WILT	 IN	 TRANSGENIC	 ‘LADY	 FINGER’	
BANANA	LINES	(TRIAL	B)…	...............................................................................................................................	147	
FIGURE	4.10.	LIGHT	MICROSCOPY	OF	ROOT	SECTIONS	TAKEN	FROM	TISSUE	CULTURED	BANANA	PLANTS	INOCULATED	WITH	FOC	RACE	1	
IN-VITRO…	....................................................................................................................................................	149	
 	
 
12	
FIGURE	4.11.	CONFOCAL	MICROSCOPY	OF	ROOT	SECTIONS	TAKEN	FROM	TISSUE	CULTURED	BANANA	PLANTS	 INOCULATED	WITH	FOC	
RACE	1	IN-VITRO..	....................................................................................................................................................	150	
FIGURE	4.12.	DETECTION	OF	PCD	USING	TUNEL	ASSAYS	IN	THE	ROOTS	OF	NON-TRANSGENIC	‘LADY	FINGER’	BANANA	INOCULATED	
IN-VITRO	WITH	FOC	RACE	1	USING	CONFOCAL	MICROSCOPY…	..................................................................................	152	
FIGURE	4.13.	DETECTION	OF	PCD	USING	TUNEL	ASSAYS	 IN	THE	ROOTS	OF	TRANSGENIC	 LINE	LF-GFP	 INOCULATED	 IN-VITRO	WITH	
FOC	RACE	1	USING	CONFOCAL	MICROSCOPY..	.......................................................................................................	153	
FIGURE	4.14.	DETECTION	OF	PCD	USING	TUNEL	ASSAYS	IN	THE	ROOTS	OF	TRANSGENIC	LINE	LF-OSBAG4-33	INOCULATED	IN-VITRO	
WITH	FOC	RACE	1	USING	CONFOCAL	MICROSCOPY..	...............................................................................................	154	
FIGURE	4.15.	DETECTION	OF	PCD	USING	TUNEL	ASSAYS	IN	THE	ROOTS	OF	TRANSGENIC	LINE	LF-ATBAG4-69	INOCULATED	IN-VITRO	
WITH	FOC	RACE	1	USING	CONFOCAL	MICROSCOPY..	...............................................................................................	155	
FIGURE	 4.16.	 TUNEL	 POSITIVE	 CELL	 COUNT	 FROM	ASSAYS	 PERFORMED	ON	WILD-TYPE	 AND	 TRANSGENIC	 ‘LADY	 FINGER’	 BANANA	
LINES…	.........................................................................................................................................................	156	
FIGURE	5.1.	PCR	DETECTION	OF	FOC	RACE	1	USING	TRANSLATION	ELONGATION	FACTOR-1Α	(TEF-1Α)	PRIMERS..	.....................	169	
FIGURE	5.2.	MULTIPLE	ALIGNMENT	OF	FOC	ITS	COMPLETE	SEQUENCES	EXTRACTED	FROM	NCBI..	…	.......................................	173	
FIGURE	5.3.	PCR	 DETECTION	 OF	 FOC	 RACE	 1	 IN	 INOCULATED	 AND	 NON-INOCULATED	 BANANA	 SAMPLES	 12	 WEEKS	 POST-
INOCULATION	USING	PRIMER	SET	FOC_QPCR_F2/FOC_QPCR_R2..	.........................................................................	174	
FIGURE	5.4.	STANDARD	CURVE	ANALYSIS	(A)	AND	MELTING	CURVE	ANALYSIS	(B)	GENERATED	FROM	A	REPRESENTATIVE	QPCR	RUN..
	...................................................................................................................................................................	176	
FIGURE	5.5.	FOC	RACE	1	QUANTIFICATION	 IN	LEAF,	STEM,	CORM	AND	ROOT	TISSUES	FROM	INOCULATED	WILD-TYPE	 ‘LADY	FINGER’	
BANANA..	......................................................................................................................................................	178	
FIGURE	5.6.	FOC	RACE	1	QUANTIFICATION	IN	LEAF,	STEM,	CORM	AND	ROOT	TISSUES	FROM	INOCULATED	TRANSGENIC	‘LADY	FINGER’	
BANANA	LINE	LF-OSBAG4-33…	........................................................................................................................	180	
FIGURE	5.7.	FOC	RACE	1	QUANTIFICATION	IN	LEAF,	STEM,	CORM	AND	ROOT	TISSUES	FROM	INOCULATED	TRANSGENIC	‘LADY	FINGER’	
BANANA	LINE	LF-ATBAG4-69..	.........................................................................................................................	181	
FIGURE	5.8.	FOC	RACE	1	COLONISATION	OF	WILD-TYPE	AND	TRANSGENIC	BANANA	ROOTS	VIEWED	UNDER	BRIGHT	FIELD	MICROSCOPY..
	...................................................................................................................................................................	183	
FIGURE	5.9.	FOC	RACE	1	COLONISATION	OF	WILD-TYPE	AND	TRANSGENIC	BANANA	ROOTS	VIEWED	UNDER	CONFOCAL	MICROSCOPY..
	...................................................................................................................................................................	184	
	
	
	
	
	
	
	
 	
 
13	
List	of	tables	
	
TABLE	3.1.	DESCRIPTION	OF	PLANT	EXPRESSION	VECTORS	USED	IN	THE	STUDY	.......................................................................	76	
TABLE	3.2.		PCR	PRIMERS	USED	FOR	THE	MOLECULAR	CHARACTERISATION	OF	TRANSGENIC	PLANTS	...........................................	81	
TABLE	3.3.	PRIMERS	USED	FOR	RELATIVE	QUANTIFICATION	OF	TRANSGENE	EXPRESSION	BY	QPCR	...............................................	87	
TABLE	3.4.	PCR	ANALYSIS	OF	‘LADY	FINGER’	TRANSGENIC	BANANA	LINES	-	RESULTS	SUMMARY	................................................	91	
TABLE	3.5.	DETAILED	SUMMARY	OF	THE	NUMBER	OF	PLANTS	EVALUATED	FOR	FOC	RACE	1	RESISTANCE	......................................	95	
TABLE	3.6.	SOUTHERN	BLOT	ANALYSIS	-	RESULTS	SUMMARY	............................................................................................	108	
TABLE	3.7.	RANKING	OF	TRANSGENIC	LINES	AFTER	TRIAL	5	AND	6	.....................................................................................	114	
TABLE	3.8.		PRIMER	OPTIMISATION	AND	PCR	EFFICIENCY	USING	REAL-TIME	PCR	.................................................................	120	
TABLE	3.9.	SUMMARY	OF	EXPRESSION	ANALYSIS	AND	CORRELATION	WITH	AVAILABLE	DATA	...................................................	124	
TABLE	4.1.	FOC	RACE	1	EXTERNAL	SYMPTOMS	SCORING	SYSTEM	FOR	IN-VITRO	ASSAYS	..........................................................	136	
TABLE	5.1.	OLIGONUCLEOTIDES	USED	FOR	PCR,	PCR	AND	SEQUENCING	............................................................................	165	
TABLE	5.2.	ITS	SEQUENCES	USED	FOR	MULTIPLE	ALIGNMENT	AND	PRIMER	DESIGN	...............................................................	171	
TABLE	5.3.	QUANTIFICATION	OF	FUSARIUM	OXYSPORUM	F.	SP.	CUBENSERACE	1	IN	THE	LEAVES,	STEM,	CORMS	AND	ROOT	TISSUES	OF	
ARTIFICIALLY	INOCULATED	BANANA	PLANTS	...................................................................................................................	179	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
 	
 
14	
List	of	abbreviations	
AAL-toxin	 Alternaria	alternata	f.	sp.	lycopersici	
AMPs	 Antimicrobial	peptides	
ATP	 Adenine	triphosphate	
Avr	 Avirulence	
BAG		 Bcl-2-associated	athanogene	
BBTD	 Banana	Bunchy	Top	Disease	
BLAST	 Basic	Local	Alignment	Search	Tool	
BLSD	 Black	Leaf	Streak	Disease	
BXW	 Banana	Xanthomonas	Wilt	
CAC	 Clathrin	adaptor	complex	
CaMV	 Cauliflower	mosaic	virus	
CARF	 Central	Analytical	Research	Facility	
CC	 Coiled	coil	
CLA	 Carnation	leaf	agar	
CLPs	 Caspase-like	proteins	(CLPs)	
CTAB	 Cetyltrimethyl	ammonium	bromide	
CTCB	 Centre	for	Tropical	Crops	and	Biocommodities	
DAFF	 Department	of	Agriculture,	Forestry	and	Fisheries	
dH2O	 Distilled	water	
DNA	 Deoxyribonucleic	acid	
EAHB		 East	African	Highland	Bananas	
EDTA	 Ethylene	diamine	tetra	acetic	acid	
TEF-1α	 translation	elongation	factor-1	α	
ET	 Ethylene	
FAO		 Food	and	Agriculture	Organisation	
Foc	 Fusarium	oxysporum	f.	sp.	cubense	
G	 Gram(s)	
GFP	 Green	fluorescent	protein	
GTP	 Guanosine	triphosphate	
GUS	 β-glucuronidase	
H2O2	 Hydrogen	peroxide		
HMDS			 Hexamethyldisilazane	
HPLC	 High	pressure	liquid	chromatography	
HR	 Hypersensitive	response	
HSPs	 Heat	shock	proteins	
IAA	 Indole	acetic	acid	
ICEs	 Interleukin-1-converting	enzymes	
ITS	 Internal	transcribed	spacer	
kb	 Kilobase(s)	
kDa	
LB	
Kilodalton(s)	
Luria	broth	
LRR	 Leucine	rich	repeat	
M	 Molar	
MAMP	 Microbe	associated	molecular	pattern	
 	
 
15	
Mb	 Megabase	
Mg	 Milligram(s)	
Min	 Minute	(s)	
mL	 Millilitre	(s)	
mM	 Millimolar	
MM	 Master	mixes	
NB	 Nucleotide	binding	domain	
NCBI	 National	Council	for	Biotechnology	
NO	 Nitric	oxide		
PAMP	 Pathogen	associated	molecular	pattern	
PCD	 Programmed	cell	death	
PCR	 Polymerase	chain	reaction	
PDA	 Potato	dextrose	agar	
PRP	 Pathogenesis-related	proteins	
qPCR	 Quantitative	polymerase	chain	reaction	
QUT	 Queensland	University	of	Technology	
R	Genes	 Resistance	genes	
RGAs	 Resistance	gene	analogs	
RIP	 Ribosome	inactivating	proteins	
ROS	 Reactive	oxygen	species	
RPS2	 Ribosomal	protein	S2	
RT-PCR	 Reverse	transcription	PCR	
RT-qPCR	 Reverse	transcription	quantitative	real-time	PCR	
SA	 Salicylic	acid	
SD	 Sigatoka	Disease	
SEM	 Scanning	electron	microscope	
SOB	
SOC	
STR4	
Super	optimal	broth	
Super	optimal	broth	with	catabolite	repression	
Subtropical	race	4	
TAE	 Tris-Aceate-EDTA	
TdT																																																																																																																																																																																																																								Terminal deoxynucleotidyl transferase
TE	 Tris-EDTA	
TEF-1α	 Translation	elongation	factor-1α	
TIR	 Toll	interleukin	1	receptor	
TNF	 Tumour	necrosis	factor	
TR4	 Tropical	race	4	
TSWV	 Tomato	spotted	wilt	virus	
UBQ	 Maize	polyubiquitin	promoter	
μM	 Micromolar	
UTR		 Untranslated	region	
VCG	 Vegetative	compatibility	groups	
VPE	 Vacuolar	processing	enzyme	
WA	 Western	Australia	
	
	
 	
 
16	
Declaration	
	
I	Betty	Namukwaya,	declare	that	this	is	my	original	work	and	has	never	been	presented	to	
any	other	University	for	any	award,	unless	where	due	reference	is	made.	
	
	
Date:	December	12,	2015	
	
Name:	Betty	Namukwaya	
	
Signature:	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
QUT Verified Signature
 	
 
17	
Acknowledgements	
	
I	would	like	to	acknowledge	the	Australian	Government	for	funding	this	study	through	the	
AusAID	scholarship.	Without	this,	the	research	wouldn’t	have	been	possible.	
	
Special	 thanks	 to	my	principal	 supervisor	Dr.	 Jean-Yves	 Paul	 for	 his	 day-to-day	 laboratory	
supervision,	guidance	and	technical	advice	and	all	that	you	did	to	make	this	a	reality.	Your	
deep	insights	helped	me	at	various	stages	of	my	research.	The	time	you	put	in	reading	and	
editing	my	thesis	was	such	a	priceless	resource	and	a	strong	contribution	to	this	study.		
	
I	am	grateful	to	Distinguished	Professor	James	Dale	the	Director	of	the	Centre	for	Tropical	
Crops	 and	 Biocommodities	 for	 his	 contribution	 to	 this	 research	 through	 financial	 support	
and	as	an	associate	supervisor.	Your	directions,	corrections	and	encouragement	have	been	a	
strong	key	to	this	achievement.	
	
I	 am	 indebted	 to	 Professor	 Robert	Harding	 for	 all	 the	 time	 spent	 reading	 and	 editing	my	
thesis.	Thank	you	for	bearing	with	my	continuous	mistakes	and	helping	me	to	put	my	thesis	
in	 an	 acceptable	 shape.	 Your	 daily	 advice,	 guidance	 and	 direction,	 your	 invaluable	
contribution	and	patience	whenever	approached	will	always	be	remembered.		
	
I	am	grateful	to	my	previous	principal	supervisor	Dr.	Harjeet	Khanna	for	the	efforts	you	put	
in	 this	 work	 during	 your	 time	 at	 QUT.	 Your	 daily	 encouragements	 and	 mentorship	 will	
always	be	remembered.		
	
Thanks	to	all	CTCB	staff	and	students	for	technical	assistance.	Further	still	my	appreciation	
for	 the	 support,	 encouragement	and	 friendships.	 Special	 thanks	 to	Dr.	 Jean-Yves	Paul,	Dr.	
Bulukani	Mlalazi,	 Dr.	 Anthony	 James,	 Dr.	 Phuong	 Hoang,	 Dr.	Mark	 Harrison,	 Dr.	 Pradeep	
Deo,	Mr.	 Anthony	 Brinin,	 Dr.	My-Linh	 Hoang,	Mr.	 Patrick	 Bewg,	Mr.	 Benard	Mware,	Mr.	
Stephen	Buah,	Mr.	Isaac	Njaci	and	Mr.	Moses	Matovu	for	all	the	support	during	this	study.		
	
 	
 
18	
Special	 thanks	 to	 QUT	 CARF	 staff	 for	 their	 help	 with	 the	 histology	 work	 specifically	 Dr.	
Sanjleena	Sign	for	her	assistance,	training	and	advice.		
	
Thanks	 to	 the	 support	 of	 the	 QUT	 Language	 and	 Development	 Program	 staff,	 most	
especially	 Karyn	 Gonano	 and	 Dr.	 Christian	 Long	 for	 their	 contribution	 and	
recommendations.	
	
Special	 thanks	 to	 the	 administrative	 staff	 of	 CTCB	Daniela	 Tikel,	Diana	O’Rourke,	 Johanna	
Dore,	Joanne	Spowart,	for	all	your	support.		I	am	grateful	to	the	staff	at	QCDF	Redland	Bay	
in	particular	Larry	and	Dave	for	all	the	support	and	assistance	during	the	time	of	my	study.	
	
I	would	like	to	acknowledge	Professor	Wilberforce	Tushemereirwe	Director	of	the	Kawanda	
Agricultural	 Research	 Institute	 and	 Dr.	 Jerome	 Kubiriba	 Program	 Leader	 of	 the	 National	
Agriculture	Research	Organization	Uganda	for	allowing	me	the	opportunity	to	take	up	this	
PhD	study.	Your	support	and	encouragement	were	a	great	motivation	for	me	to	complete	
this	study.		
	
Special	 thanks	 to	 my	 dear	 son	 Shafic	 Muwulya	 for	 all	 his	 support,	 patience	 and	 for	
encouraging	me	throughout	this	experience.	Thank	you	for	being	there	always	through	the	
difficult	 times.	 Sorry	 for	 the	many	 times	 I	was	 not	 there	 for	 you.	 It	 is	 only	 God	who	 can	
reward	you.	You	are	the	one	who	let	me	finish	my	degree.		
	
Special	 thanks	 to	my	 family	back	 in	Uganda	my	 father	sisters	and	brothers.	Thank	you	 for	
sleeping	in	hospital	when	my	son	was	admitted	during	those	early	first	months	of	my	PhD	
when	 I	 wasn’t	 around.	 Words	 cannot	 express	 how	 grateful	 I	 am	 for	 all	 your	 sacrifices,	
support	and	advice	you	made	on	my	behalf.	Your	Prayers	for	me	were	what	sustained	me	
thus	 far.	 I	 am	 very	much	 appreciative	 to	 everyone	 who	 has	 contributed	 to	 this	 study	 to	
make	it	a	reality.	Thank	you	to	Mrs.	Rose	Basiita	for	being	there	for	me	whenever	I	needed	
assistance.			
	
Finally	to	the	Almighty	God	for	his	direction	guidance,	protection	and	his	spiritual	strength	
throughout	the	study	for	without	him,	this	research	wouldn’t	have	been	completed.	
 	
 
19	
Dedication	
	
This	thesis	is	dedicated	to	my	dear	late	Mother	Joyce	Wanyana	Lutakoome,	my	Father,	Ezra	
Lutakome,	my	son	and	to	all	my	sisters	and	brothers.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
 	
 
20	
Chapter	1	-	Literature	review	
	
1.1 Introduction	
Fusarium	wilt,	also	known	as	Panama	disease,	is	caused	by	the	soil	borne	fungus	Fusarium	
oxysporum	 f.	 sp.	 cubense	 (Foc).	 The	 disease	 is	 the	 main	 threat	 to	 banana	 production	
worldwide	even	more	so	since	 the	 recent	emergence	and	spread	of	Foc	 tropical	 race	4	 in	
Southeast	Asia	and	Africa	(Ploetz,	2000;	Ploetz,	2006;	Smith	et	al.,	2008).	There	are	no	long-
term	chemical	or	physical	measures	 to	 control	 Foc	 (Ploetz,	 2006).	Due	 to	 the	 low	 fertility	
and	 long	 generation	 times	 of	 conventional	 breeding	 with	Musa	 germplasm,	 the	 use	 of	
conventional	 breeding	 to	 improve	banana	by	 exploiting	 Foc	 resistance	 genes	 identified	 in	
wild	 diploid	 banana	 species	 has	 been	 slow	 (Sagi	 et	 al.,	 1995;	 Ploetz,	 2006;	 Ortiz	 and	
Swennen,	2014).	 It	 is	now	generally	accepted	that	genetically	engineered	resistance	 is	 the	
most	effective	and	sustainable	way	of	controlling	Fusarium	wilt,	as	well	as	other	significant	
diseases	of	banana	(Paul	et	al.,	2011;	Ghag	et	al.,	2014a).	
	
1.1.1 Origin	and	importance	of	Banana	
Banana	 is	classified	 in	 the	genus	Musa,	 family	Musaceae,	order	Zingiberales	and	 is	one	of	
the	 most	 important	 food	 crops	 after	 maize,	 rice,	 wheat	 and	 cassava	 globally	 (Manners,	
1993;	Frison	and	Sharrock,	1998;	Kasyoka,	2014).	They	are	believed	to	have	originated	from	
Southeast	Asia	and	Indochina	where	the	earliest	domestication	of	bananas	is	also	believed	
to	 have	 happened	 (Jones,	 2000b).	 From	 there,	 they	 were	 introduced	 to	 all	 tropical	 and	
subtropical	regions	of	the	world	thus	gaining	great	importance.	It	has	been	suggested	that	
edible	bananas	originated	from	two	wild	seed	forming	progenitor	species,	Musa	acuminata	
(2n=	 22)	 and	Musa	 balbisiana	 (2n=	 22)	 which	 contribute	 to	 the	 ‘A’	 and	 ‘B’	 genomes	 of	
bananas,	respectively.		Most	edible	bananas	belong	to	the	Eumusa	section,	and	are	diploid	
or	triploid	hybrids	derived	from	Musa	acuminate	Colla	(AA)	and	Musa	balbisiana	Colla	(BB)	
(Jones,	 2000b;	 Mohapatra	 et	 al.,	 2010).	 The	 recent	 sequencing	 of	 the	 genome	 of	 DH-
Pahang,	 a	 doubled	 haploid	 M.	 acuminata	 genotype,	 revealed	 a	 genome	 size	 of	 523	
Megabases	(Mb).	A	total	of	36,542	protein-coding	gene	models	were	 identified	(D’Hont	et	
al.,	2012),	and	this	information	is	expected	to	facilitate	better	understanding	of	the	genetics	
of	many	agronomical	traits	(Swarupa	et	al.,	2014).	
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Bananas	are	 cultivated	 in	over	130	 tropical	and	 subtropical	 countries	of	 the	world	 (Jones,	
2000a;	 Mohapatra	 et	 al.,	 2010),	 covering	 about	 10	 million	 hectares,	 with	 an	 annual	
production	of	133	million	tons.		Only	10-15%	enters	the	international	commercial	market.	In	
some	 countries,	 especially	 in	 Latin	America	 and	 the	Caribbean,	 bananas	 are	major	 export	
commodities.	 However,	 85%	 of	 the	 total	 world	 banana	 production	 is	 used	 as	 food	 for	
domestic	 consumption	 in	 both	 rural	 and	 urban	 areas.	 In	 Africa,	 bananas	 and	 plantains	
provide	more	than	25%	of	the	food	energy	requirements	for	more	than	70	million	people,	of	
whom	 20	 million	 are	 from	 East	 Africa	 alone	 (Sanchez	 et	 al.,	 2000;	 Tushemereiwe	 et	 al.,	
2007;	 Namukwaya	 et	 al.,	 2012).	 They	 provide	 food	 security	 and	 income	 for	 small-scale	
farmers	who	represent	the	majority	of	producers.	For	example,	 in	Uganda,	the	staple	East	
African	Highland	Banana	(Musa	spp.,	group	AAA-East	Africa)	provides	food	and	income	for	
over	70%	of	 the	population	 (Gold	et	al.,	2002).	 In	 terms	of	 revenue,	banana	 is	one	of	 the	
most	 important	 cash	 crops	 contributing	 up	 to	 22%	 of	 Uganda’s	 agricultural	 revenue	
(Kalyebara	et	al.,	2007).		
	
Many	 banana	 cultivars,	 such	 as	 Cavendish,	 are	 consumed	 as	 raw	 fruits	 because	 of	 the	
progressive	 conversion	 of	 starch	 into	 sugars	 after	 harvest	 while	 others	 like	 plantains	 are	
considered	as	a	 carbohydrate	 rich	 staple	which	are	cooked	 (Aurore	 et	al.,	 2009).	 Some	of	
the	banana	 ‘fruit’	 type	cultivars	are	used	 to	produce	beer,	wine	and	gin	due	 to	 their	high	
juice	yield	(Aurore	et	al.,	2009).	East	African	Highland	bananas	(EAHB)	are	mainly	produced	
as	 a	 starch	 staple	 that	 competes	with	 other	 starch	 rich	 crops	 such	 as	 cereals	 (maize	 and	
millet)	and	tubers	(sweet	potatoes	and	cassava).	In	addition	to	providing	a	reliable	source	of	
food,	banana	is	an	important	source	of	income	with	excess	production	sold	in	local	markets.	
On	average,	Uganda	has	the	largest	per	capita	annual	consumption	of	bananas	in	the	world,	
estimated	to	be	in	excess	of	1	kg	per	person	per	day.	Bananas	are	also	a	source	of	animal	
feeds	 (fresh	 pseudostems,	male	 buds,	 banana	 peelings	 and	 bi-products	 of	 fermentation),	
wrapping	and	construction	materials	(thatch	and	binding	ropes)	as	well	as	handicrafts	(mats,	
baskets,	hand	bags,	necklaces	and	decorations).		
	
In	Uganda,	the	crop	is	used	for	diverse	purposes	such	as	medicine,	food	(both	cooked	and	
raw),	an	income	earner,	source	of	fiber	and	as	a	ground	shade	and	nurse	crop	for	a	range	of	
crops	like	coffee	and	pepper	in	mixed	farming	systems	(van	Asten	et	al.,	2011).	When	ripe,	
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bananas	are	one	of	the	most	rapidly	digested	foods,	providing	readily	available	energy	and	
are	 recommended	 for	people	who	require	a	 lot	of	glucose	 to	maintain	adequate	 levels	of	
muscle	action	(Aurore	et	al.,	2009).	Bananas	are	principal	components	of	food	security	and	
income	generation	worldwide	and	in	Africa	in	particular.	
	
1.1.2 Distribution,	imports	and	exports	of	banana	worldwide	
Bananas	 are	 the	main	 fruit	 in	 international	 trade	 and	 the	most	 popular	 in	 the	 world.	 In	
terms	of	volume,	they	are	the	most	highly	exported	fruit,	while	they	rank	second	after	citrus	
fruit	 in	 terms	 of	 value.	 Banana	 is	 a	 very	 delicate	 commodity	 on	 economic,	 social,	
environmental	 and	 political	 grounds,	with	world	 total	 exports	 accounting	 for	 18.3	million	
tones	annually	(FAO,	2009).	Bananas	are	also	very	important	staple	commodities	for	many	
developing	countries	highlighting	the	relevance	of	bananas	for	food	security.	
	
Only	about	one	fifth	of	total	banana	production	is	internationally	traded.	Nevertheless,	the	
share	 of	 banana	 trade	 in	world	 production	 has	 increased	 slightly	 in	 the	 last	 few	 decades	
(from	 around	 18%	 in	 the	 sixties	 and	 seventies	 to	 over	 22%	 in	 the	 1990s	 and	 2000s).	 As	
shown	 in	 Figure	 1.1,	 around	 98%	 of	 world	 banana	 production	 is	 grown	 in	 developing	
countries	with	developed	 countries	 being	 the	usual	 destinations	 for	 exports.	 In	 the	 last	 4	
decades	Asia	has	clearly	emerged	as	 the	biggest	contributor	 to	global	banana	production.	
Indeed,	while	America	accounted	for	53%	of	the	world	production	in	the	1970s,	against	31%	
for	Asia,	 the	share	of	Asia	began	 to	 increase	 in	 the	course	of	 the	1990s	and	 the	2000s	 to	
finally	 reach	 56.7%	 in	 2010,	 against	 26.1%	 the	 same	 year	 for	 America.	 The	 share	 of	 the	
African	continent	in	the	world	banana	production	remained	relatively	unchanged	from	the	
1970s	(13.1%)	to	the	2010	(15.3%)	(Figure	1.1)	(FAO,	2010).	However,	plantain	production	
(under	which	 EAHB	are	 classified	by	 the	 FAO),	 has	 remained	 concentrated	on	 the	African	
continent	with	a	4	decades	average	above	70%	food	global	production.	
	
In	2010,	around	130	countries	produced	bananas,	however,	production,	as	well	as	exports	
and	imports,	are	highly	concentrated	in	a	few	countries	or	regions	(Figure	1.2).	In	2013,	the	
10	major	banana-producing	countries	accounted	 for	around	66%	of	 the	global	production	
and	83%	for	plantains.	Furthermore,	India,	China,	the	Philippines,	Brazil	and	Ecuador	alone	
produced	more	than	50%	of	total	world	banana	production	(Figure	1.3).	According	to	the	
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Figure	1.1	Distribution	of	world	banana	and	plantain	production	by	continent.	
Source:	FAO	statistics	
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Figure	1.2.		Distribution	of	world	banana	exportation	-	Major	exporting	countries.	
Source:	FAO	statistics		
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Figure	1.3.	Banana	and	plantain	production	ranking	by	countries.	The	top	ten	
countries	are	represented.	
Source:	FAO	statistics,	2013	
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FAO,	 Uganda	 on	 its	 own	 produced	more	 than	 23%	 of	 the	 global	 plantain	 production.	 In	
reality	Uganda	do	not	produce	a	lot	of	plantain	but	rather	a	lot	of	EAHB,	which	are	a	cooking	
banana	and	wrongly	classified	as	plantain	by	the	FAO	(Figure	1.3).	The	banana	industry	is	a	
very	 important	 source	 of	 income,	 employment	 and	 export	 earnings	 for	 major	 banana	
exporting	countries,	mainly	developing	countries	in	Latin	America	and	the	Caribbean,	as	well	
as	in	Asia	and	Africa.	According	to	the	UN	COMTRADE	database,	world	banana	exports	were	
valued	at	a	total	of	US$8.2	billion	in	2011	(+3.6%	as	compared	to	2010),	making	them	clearly	
a	vital	source	of	earnings	to	many	countries.	
	
1.2 Diseases	of	banana	and	plantain	
Despite	the	importance	of	the	crop,	production	is	threatened	by	various	constraints	such	as	
declining	soil	fertility,	pests	and	by	a	multitude	of	serious	bacterial,	viral	and	fungal	diseases	
(Jones,	2000b;	Ortiz,	2011).	Three	of	 the	most	 important	 fungal	diseases	affecting	banana	
are	Black	Sigatoka,	Yellow	Sigatoka	and	Fusarium	wilt	(Robinson,	1996;	Kim	et	al.,	2013).	
	
1.2.1 Sigatoka	diseases	
Black	 and	 Yellow	 Sigatoka	 refer	 to	 two	 fungal	 diseases	 caused	 by	 the	 airborne	 fungi	
Mycosphoerella	fijiensis	Morelet	and	Mycosphaerella	musicola	Leach	ex	Mulder	respectively	
(Carlier	et	al.,	2000).	
	
1.2.1.1 Black	Sigatoka	
Black	 Sigatoka,	 also	 known	 as	 Black	 Leaf	 Streak	 Disease	 (BLSD),	 is	 the	 most	 serious	 leaf	
disease	affecting	banana	 (Jones,	2003;	Vishnevetsky	 et	al.,	 2011;	Magambo,	2012).	 It	was	
identified	in	Fiji	 in	1964,	and	has	since	spread	to	the	Pacific,	Asia,	Latin	America	and	Africa	
(Henderson	 et	 al.,	 2006)	 with	 the	 first	 report	 in	 Uganda	 in	 1989	 (Tushemereirwe	 et	 al.,	
2004).	The	first	symptom	of	the	disease	is	the	development	of	reddish-brown	specks	on	the	
underside	(abaxial	side)	of	the	leaves	(Washington	et	al.,	1998).	These	enlarge	and	coalesce	
into	 large	 patches	 of	 necrotic	 tissue.	 Fungus	 colonisation	 reduces	 leaf	 surface	 area	 and	
greatly	 affects	 the	 plants	 ability	 to	 photosynthesise.	 Severe	 defoliation	 follows	 which	
reduces	yields	by	up	to	50%.	Fruit	from	affected	plantations	is	also	prone	to	premature	and	
uneven	 ripening	 (Gowen,	1994;	 Jones,	2003).	 	BLSD	 is	 spread	by	windborne	spores,	wind-
driven	rain	and	through	the	use	of	infected	planting	materials.	Control	and	management	of	
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the	 disease	 is	 mainly	 through	 a	 combination	 of	 cultural	 practices	 and	 application	 of	
fungicides.	However,	the	use	of	these	chemicals	is	costly	and	puts	tremendous	pressure	on	
the	environment	(Romero,	2000).	
	
1.2.1.2 Yellow	Sigatoka	
Yellow	 Sigatoka,	 also	 known	 as	 Sigatoka	 Disease	 (SD),	 is	 also	 a	 serious	 foliar	 disease	 of	
banana	but	causes	milder	symptoms	than	Black	Sigatoka	(Blomme	et	al.,	2013;	Satyagopal	
et	al.,	2014).	Symptoms	of	the	disease	include	pale	yellow	specks	on	the	upper	leaf	surface,	
which	 develop	 into	 streaks	 and	 enlarge	 into	mature	 lesions	 (Blomme	 et	 al.,	 2013).	 These	
lesions	 appear	 in	 the	 form	 of	 brown	 circles	 surrounded	 by	 a	 discrete	 yellow	 corona.	 SD	
affects	 bunch	 maturity	 and	 quality	 (Robinson,	 1996;	 Blomme	 et	 al.,	 2013).	 The	 disease	
essentially	spreads	like	Black	Sigatoka	and	is	controlled	and	managed	similarly	(Jones,	2003;	
Satyagopal	et	al.,	2014).	
	
1.2.2 Fusarium	wilt	
Fusarium	wilt,	caused	by	the	soil	borne	fungus	Fusarium	oxysporum	f.	sp.	cubense	(Foc),	 is	
the	main	 threat	 to	banana	production	worldwide	and	a	major	 threat	 to	dessert	 and	beer	
banana	production	in	East	and	Central	Africa.	The	disease	was	first	reported	in	Australia	in	
1874	(Bancroft,	1874),	and	currently	occurs	in	practically	all	banana-growing	regions	of	the	
world	 including	Asia,	Africa,	Australia,	 the	South	Pacific	 region	and	Latin	America	 (Gowen,	
1994;	Swennen	et	al.,	2000;	Mustaffa	and	Thangavelu,	2009).	
	
1.2.2.1 Distribution,	host	range	and	spread	of	Fusarium	wilt	
Four	physiologically	distinct	 ‘races’	 (referred	to	as	race	1	to	4)	of	Foc	have	been	identified	
based	 on	 their	 pathogenicity	 to	 specific	 host	 cultivars.	 Race	 1	 infects	 commercially	
important	cultivars	such	as	‘Lady	Finger’	(Musa	spp.	AAB	group),	'Pome'	(AAB),	'Silk'	(AAB),	
'Pisang	Awak'	(ABB)	and	‘Gros	Michel’	(AAA)	(Ploetz	and	Pegg,	2000).	Foc	race	1	decimated	
the	major	‘Gros	Michel’	export	plantations	in	South	and	Central	America	in	the	mid-1950s,	
and	this	resulted	in	the	adoption	of	the	resistant	‘Cavendish’	banana	cultivars	(AAA)	as	the	
dominant	export	commodity.	Foc	race	2	infects	'Bluggoe'	(ABB)	and	its	close	relatives	while	
race	 3	 only	 infects	 Heliconia	 spp.	 Foc	 race	 4	 is	 sub-divided	 into	 subtropical	 (STR4)	 and	
tropical	 race	 4	 (TR4)	 based	 primarily	 on	 the	 geographical	 climate	 in	 which	 the	 disease	
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occurs.	 STR4	 infects	 all	 race	 1	 susceptible	 cultivars	 as	 well	 as	 ‘Cavendish’	 cultivars	 in	
subtropical	 climates	 (Dita	 et	al.,	 2010).	 The	more	 recently	 reported	TR4	variants	affect	all	
race	1	 susceptible	cultivars,	 ‘Cavendish’	 cultivars	and	other	 locally	 important	bananas	and	
plantains	growing	in	tropical	regions.	
	
Fusarium	wilt	was	first	identified	in	West	Africa	in	1924	and	moved	to	Tanzania	in	1951	and	
Uganda	 in	 1952	 (Stover,	 1962)	 where	 it	 is	 now	 considered	 one	 of	 the	 most	 destructive	
diseases	 of	 banana	 locally	 (van	 Asten	 et	 al.,	 2008).	 Currently,	 only	 Foc	 race	 1	 occurs	 in	
Uganda	 where	 susceptible	 banana	 cultivars	 such	 as	 ‘Sukali	 Ndizi’	 (Apple	 banana),	 ‘Gros	
Michel’	(locally	known	as	‘Bogoya’)	and	‘Pisang	Awak’	(locally	known	as	‘Kayinja’)	are	grown	
(Figure	1.4,	A).	The	disease	causes	pressure	on	communities	that	depend	on	these	banana	
varieties	as	a	food	staple	for	subsistence	(Janick,	1998;	Tushemereirwe	et	al.,	2004).	TR4	is	
spreading	 rapidly	 in	 Southeast	 Asia,	 particularly	 Taiwan,	Malaysia,	 China,	 Philippines	 and	
Indonesia	 as	 well	 as	 Northern	 Australia	 and	 is	 a	 significant	 threat	 to	 worldwide	 banana	
production	(Figure	1.4,	B)	(Ploetz	and	Pegg,	2000;	Ploetz,	2006).	In	2013,	TR4	was	reported	
in	Jordan	(García-Bastidas	et	al.,	2014;	Ploetz	et	al.,	2015)	and	Mozambique,	which	poses	a	
significant	 threat	 to	 a	 wider	 range	 of	 banana	 varieties	 in	 Uganda	 and	 other	 African	
countries.	More	recently,	it	was	reported	in	Lebanon	and	Pakistan	(Ordoñez	et	al.,	2015)	as	
well	as	Queensland	in	Australia.	
	
1.2.2.2 Infection	and	host	symptoms	
Foc	 infects	 banana	 plants	 through	 the	 elongating	 part	 of	 the	 root	 tip,	 killing	 surrounding	
host	cells	and	spreading	through	the	water	conductive	xylem	into	the	rhizome	and	rapidly	
into	the	pseudostem	(Figure	1.5,	A)	(Stover,	1962;	Beckman,	1990;	Robinson,	1996;	Roncero	
et	al.,	2003;	Lam	et	al.,	2010;	Yip	et	al.,	2011).	Upon	infection,	the	susceptible	host	triggers	
self-defence	mechanisms,	resulting	in	a	gel	secretion	followed	by	formation	of	tyloses	in	the	
vascular	 vessels	 which	 blocks	 the	 movement	 of	 water	 and	 nutrients	 to	 the	 foliage.	 The	
infected	plant	develops	very	distinctive	symptoms	including	yellowing	of	the	oldest	leaves,	
longitudinal	 splitting	 of	 the	 lower	 portion	 of	 the	 outer	 leaf	 sheaths	 on	 the	 pseudostem,	
wilting	 and	 leaf	 buckling	 at	 the	 petiole	 base	 (Figure	 1.5,	 D).	 As	 the	 disease	 progresses,	
younger	 leaves	 collapse	until	 the	entire	 canopy	 consists	of	dead	or	dying	 leaves.	 Infected	
plants	subsequently	develop	internal	discoloration	of	the	vascular	system	due	to	the	spread		
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Figure	1.4.	Geographical	distribution	of	Fusarium	oxysporum	 f.	 sp.	cubense	around	the	world.	A,	
Foc	race	1	(red	zones)	and	B,	Foc	tropical	race	4	(TR4)	(red	triangles).	
Sources:	A,	http://eprints.qut.edu.au/29263/2/Jean-Yves_Paul_Thesis.pdf		
B,	http://www.promusa.org/Tropical+race+4+-+TR4	
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Figure	1.5.	Symptoms	of	Fusarium	wilt	of	banana.	A,	Banana	anatomy	and	Foc	infection	
process;	 B,	 vascular	 discoloration	 seen	 in	 a	 cross	 section	 of	 the	 pseudostem;	 C,	
discoloration	 and	 necrotic	 tissue	 seen	 in	 a	 cross	 section	 of	 the	 corm	 and	 D,	 severe	
discoloration	and	wilting	leading	to	collapsing	of	the	plant.	
Source:	courtesy	of	Dr	Anthony	James	(CTCB,	QUT)	
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Of	 the	 fungus	 through	 the	 xylem	 into	 the	 rhizome	 and	 the	 pseudostem	 (Figure	 1.5,	 B-C)		
(Robinson,	1996;	Moore	et	al.,	2001;	Ploetz,	2006).	The	 infection	results	 in	yield	reduction	
and	often	death	of	the	host.	
	
1.2.2.3 Taxonomy	
The	genus	Fusarium	comprises	of	a	large	number	of	species	of	filamentous	fungi.	Although	
some	 species	 may	 form	 opportunistic	 infections	 in	 immunocompromised	 individuals,	
Fusarial	 species	 are	 more	 commonly	 known	 as	 economically	 important	 plant	 pathogens	
(Boutati	 and	 Anaissie,	 1997;	 Nelson,	 2012).	 Fusarium	 oxysporum	 (Fo),	 the	most	 common	
species	of	the	genus,	is	a	soil-borne	pathogen	with	a	ubiquitous,	worldwide	distribution.	Fo	
are	remarkably	diverse	and	adaptable	fungi	that	have	been	found	in	a	wide	range	of	climatic	
conditions	 as	 either	 beneficial	 saprophytes	 or	 endophytes	 but	 also	 as	 economically	
important	 plant	 pathogens	 in	 agriculture.	 Fusarium	 oxysporum	 f.	 sp.	 cubense	 (Foc)	 is	 the	
main	threat	to	banana	production	worldwide	today.	
	
1.2.2.4 Morphology	of	Foc	
There	 are	 three	 types	 of	 asexual	 spores	 formed	 by	 Foc;	 macroconidia,	 microconidia	 and	
chlamydospores	 (Figure	1.6)	 (Nelson,	1991;	Nelson,	2012).	Macroconidia	are	 formed	 from	
monophialides	 on	 branched	 conidiophores	 in	 sporodochia,	 and	 to	 a	 lesser	 extent	 from	
monophialides	 on	 hyphae	 (Nelson,	 1991;	 Leslie	 and	 Summerell,	 2006;	 Nelson,	 2012).	
Macroconidia	possess	four	to	eight	celled,	sickle-shaped,	thin-walled	and	delicate,	with	foot-
shaped	basal	attenuated,	apical	cells	(Jones,	2000b).	Microconidia	are	abundantly	borne	on	
false	heads	on	short	monophialides,	and	are	one	or	two	celled,	and	oval-	to	kidney-shaped.	
The	sizes	of	the	macro-	and	microconidia	are	usually	in	the	range	of	27-55	μm	x	3.3-5.5	μm	
and	5-16	μm	x	2.4-3.5	μm,	respectively.	Chlamydospores	are	thick-walled,	asexual,	globose	
spores	7-11	μm,	usually	formed	singularly	or	in	pairs,	but	sometimes	they	may	be	found	in	
clusters	 or	 short	 chains	 (Jones,	 2000b;	 Leslie	 and	 Summerell,	 2006).	 The	 critical	
morphological	 features	 of	 Foc	 include	 the	 production	 of	 microconidia	 on	 false	 heads	 on	
short	phialides	formed	on	the	hyphae,	the	production	of	chlamydospores,	and	the	shape	of	
the	macro-	and	microconidia	(Leslie	and	Summerell,	2006).	Fusarium	species	are	well	known	
for	 their	 tendency	 to	 mutate	 in	 culture	 thereby	 making	 it	 difficult	 to	 maintain	 the	
morphology	and	virulence	of	isolates	(Nelson,	1991;	Nelson,	2012).	On	initial	isolation,	most		
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Figure	1.6.	The	three	types	of	asexual	spores	produced	by	Fusarium	oxysporum	 f.	sp.	cubense,	
as	viewed	under	light	microscopy.	A,	chlamydospores,	thick-walled	resting	spores	that	can	persist	
in	 the	 soil	 for	 long	 periods	 of	 time	 (over	 30	 years),	 B	 and	 C,	 microconidia	 growing	 from	
conidiophores	and	D,	macroconidia.		
Source:	http://pbt.padil.gov.au/index.php?q=node/122&pbtID=137	
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wild-type	 cultures	 produce	 macroconidia	 in	 sporodochia.	 The	 sporodochial	 type	 fungus	
often	 mutates	 in	 culture	 and	 to	 a	 lesser	 extent	 in	 nature.	 Cultures	 may	 become	 more	
mycelial	 and	 produce	 fewer	 sporodochia,	 or	 may	 mutate	 to	 the	 pionnotal	 forms	 which	
produce	less	aerial	mycelium	and	macroconidia	from	conidiophores	that	form	a	slimy	sheet,	
giving	the	culture	a	wet	appearance.	Mutation	can	often	result	in	the	production	of	different	
shaped	macroconidia	and	loss	of	virulence.	Cultural	mutation	can	be	minimised	by	culturing	
using	 the	 single-spore	 or	 hyphae-tip	 methods,	 by	 avoiding	 carbohydrate-rich	 media	 (e.g.	
PDA)	and	minimising	prolonged	subculturing.	Short-term	maintenance	of	cultures	should	be	
on	Carnation	 Leaf	Agar	 (CLA)	 (Wasike,	 2014)	while	 for	 long-term	maintenance	of	 cultures	
lyophilisation	or	storage	in	liquid	nitrogen	is	recommended	(Nelson,	1991;	Nelson,	2012).		
	
1.2.2.5 Current	control	measures	
There	 are	 no	 long-term	 chemical	 or	 physical	 measures	 to	 effectively	 control	 Foc	 (Ploetz,	
2006).	Fungal	chlamydospores	remain	viable	 in	 the	soil	 for	several	decades,	 rendering	the	
infested	 ground	 unsuitable	 for	 growing	 susceptible	 banana	 cultivars	 (Knight	 et	 al.,	 2012).	
Several	attempts	to	control	through	the	use	of	fungicides,	fumigants,	flood	fallowing,	crop	
rotation	 and	 organic	 amendments	 have	 been	made	 but	 have	 failed	 to	 provide	 significant	
control	 (Knight	 et	 al.,	 2012).	 Restricting	 the	movement	of	 planting	material	 and	potential	
soil	carriers	of	Foc	is	the	only	way	of	preventing	entry	and	spread	of	the	disease	(Knight	et	
al.,	2012).		Consequently,	the	use	of	genetically	resistant	cultivars	is	now	broadly	accepted	
as	the	only	effective	and	sustainable	way	to	control	the	disease	(Babaeizda	et	al.,	2008;	Paul	
et	al.,	2011).	
	
1.3 Disease	resistance	in	banana	
One	 of	 the	major	 challenges	 faced	 by	 the	 global	 banana	 industry	 is	 the	 development	 of	
disease	resistant	varieties,	particularly	against	fungal	pathogens	(Jones,	2000b;	Ortiz,	2011).	
This	can	only	be	achieved	through	either	conventional	or	molecular-based	approaches.		
	
Disease	 pressure	 in	 banana	 plantations	 around	 the	 world	 initially	 resulted	 in	 the	
implementation	of	 conventional	 breeding	 programs	with	 the	hope	of	 creating	 new,	more	
resistant	hybrids	mainly	 against	 Fusarium	wilt	 and	Black	 Sigatoka	Diseases	 (Stover,	 1962).	
Several	 breeding	 programs	 still	 exist	 around	 the	 world.	 Unfortunately,	 the	 genetic	
 	
 
34	
improvement	 of	 banana	 through	 conventional	 breeding	 is	 hampered	 due	 to	 the	 genetic	
make-up	 of	 the	 crop	 including	 very	 low	 fertility,	 long	 generation	 times	 and	 polyploidy	 of	
most	commercial	cultivars.	For	example,	‘Cavendish’	varieties	which	constitute	most	of	the	
export	 trade,	 are	 essentially	 sterile	 and	 therefore	 recalcitrant	 to	 conventional	 breeding	
(Smith	 et	 al.,	 2005).	 Consequently,	 the	 exploitation	 of	 resistance	 genes	 that	 are	 naturally	
present	in	wild	banana	species	has	not	been	practical	(Sagi	et	al.,	1995;	Ploetz,	2006;	Ortiz,	
2011).	 Although	 several	 cultivars	 have	 been	 successfully	 bred	 over	 the	 years,	 the	 lenthy	
process	 has	 failed	 to	 produce	 varieties	 with	 agronomic	 qualities	 suitable	 for	 commercial	
acceptance.		
	
Despite	the	ongoing	controversy	over	genetically	modified	crops,	genetic	engineering	now	
appears	 the	 most	 promising	 and	 efficient	 alternative	 strategy	 for	 the	 improvement	 of	
commercial	 banana	 varieties.	 Importantly,	 the	 technology	 to	 transform	 and	 express	
transgenes	 in	 banana	 is	 available,	 thereby	 enabling	 the	 transfer	 of	 selected	 genes	 into	
currently	 available	 commercially	 elite	 cultivars	 (Becker	 et	 al.,	 2000;	 Khanna	 et	 al.,	 2004;	
Shekhawat	 et	 al.,	 2012).	 However,	 the	major	 limitation	 for	 implementing	 this	 strategy	 in	
banana	is	the	lack	of	suitable	genes	to	confer	stable	resistance	to	important	pathogens	such	
as	Foc.		
	
To	 date,	 a	 large	 number	 of	 molecular	 approaches	 have	 been	 used	 in	 an	 endeavour	 to	
generate	pathogen	resistance	in	plants.	Genes	whose	products	affect	pathogen	growth	and	
development	 in-vitro	have	been	used	extensively	(Aarts	et	al.,	1998).	These	gene	products	
typically	 include	 pathogenesis-related	 proteins	 (PR	 proteins)	 such	 as	 hydrolytic	 enzymes	
(chitinases,	 glucanases),	 antifungal	 proteins	 (osmotin-	 and	 thaumatin-like),	 antimicrobial	
peptides	(thionins,	defensins,	lectins),	ribosome	inactivating	proteins	(RIP)	and	phytoalexins	
(Van	 Loon	 and	 Van	 Strien,	 1999;	 Ramadevi	 et	 al.,	 2010).	 Other	 strategies	 involve	 the	
expression	 of	 gene	 products	 that	 destroy	 or	 neutralize	 a	 component	 of	 the	 pathogens	
attacking	 arsenal	 (e.g.	 polygalacturonases,	 oxalic	 acid	 and	 lipases)	 or	 products	 that	 can	
potentially	enhance	the	structural	defenses	in	the	plant	(e.g.	peroxidase	and	lignin)	(Punja,	
2001;	 Islam,	2006;	 Sundaresha	 et	al.,	 2010).	 Some	of	 the	expressed	gene	products	 act	by	
releasing	 specific	 molecules,	 such	 as	 hydrogen	 peroxide	 (H2O2),	 salicylic	 acid	 (SA)	 and	
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ethylene,	 which	 can	 elicit	 plant	 defenses.	 Importantly,	 attempts	 to	 generate	 fungal	
resistance	have	been	made	using	plant	resistance	genes	(Dodds	and	Rathjen,	2010).	
	
1.3.1 Resistance	(R)	genes	
Plants	have	developed	effective	mechanisms	to	recognize	and	respond	to	pathogen	attacks.	
In	many	cases,	plant-pathogen	 interactions	are	determined	by	 the	presence	of	R-genes	 in	
the	 plant	 allowing	 detection	 of	 the	 pathogen	 and	 triggering	 defense	 mechanisms.	 This	
interaction	 can	be	 either	 “compatible”,	when	 a	 susceptible	 plant	 is	 infected	by	 a	 virulent	
pathogen	or	“incompatible”	when	a	resistant	plant	is	unaffected	by	an	avirulent	pathogen.	
The	 principal	 mechanism	 associated	 with	 plant	 defense	 is	 known	 as	 the	 gene-for-gene	
model,	which	 involves	the	molecular	 interactions	between	pathogen	avirulence	(Avr)	gene	
products	(effectors)	and	the	corresponding	plant	R-gene	products	(R	proteins).	This	specific	
interaction	and	 recognition	mediates	disease	 resistance	and	 results	 in	 the	 rapid	 trigger	of	
one	 or	more	 signal	 transduction	 pathways	 that	 in	 turn	 activate	 defense	 responses	 in	 the	
plant	 to	prevent	pathogen	growth	and	disease	progression	(Dangl	and	Jones,	2001;	Tör	et	
al.,	2009).	The	activation	of	plant	defense	leads	to	immediate	local	responses	at	the	site	of	
invasion	 that	 include	 the	 production	 of	 reactive	 oxygen	 species	 (ROS),	 nitric	 oxide	 (NO)	
(Bolwell,	1999),	accumulation	of	phenolic	compounds,	cell	wall	reinforcements	and,	in	some	
cases,	 a	 hypersensitive	 response	 (HR)	 (Gurr	 and	 Rushton,	 2005).	 The	 defences	 can	 also	
include	 local	 tissue	 responses	such	as	 the	expression	of	pathogenesis-related	proteins	 (PR	
proteins)	(Van	Loon	and	Van	Strien,	1999),	production	of	phytoalexin	and	accumulation	of	
the	phytohormones	ethylene	(ET)	and	 jasmonic	acid	 (JA)	as	well	as	a	strengthening	of	 the	
cell	wall	 (Hammond-Kosack	and	Parker,	2003).	 In	addition,	production	of	salicylic	acid	(SA)	
can	 lead	 to	 the	 development	 of	 systemic	 acquired	 resistance	 (SAR),	 a	 broad-spectrum	
defense	occurring	in	distal	parts	of	the	plant	(Punja,	2001;	Buss	et	al.,	2011;	Li	et	al.,	2013c).		
	
The	 majority	 of	 R	 proteins	 involved	 in	 protein	 recognition	 and	 signal	 transduction	 are	
currently	grouped	into	different	classes	according	to	their	amino	acid	sequence	and/or	the	
presence	of	structural	motifs/domains.	These	structural	domains	include	nucleotide-binding	
site	 (NBS),	 leucine-rich	 repeats	 (LRR),	 coiled-coil	 domains,	 protein	 kinases	 and	 trans	
membrane	 domains	 (Miller	 et	 al.,	 2008;	 Das	 et	 al.,	 2010).	 The	 largest	 class	 of	 R-genes	
encode	the	cytoplasmic	NBS-LRR	proteins	which	are	numerous	and	ancient	in	origin	(Dangl	
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and	 Jones,	 2001).	 NBS-LRR	 R-proteins	 have	 been	 the	 focus	 of	 extensive	 research	 efforts	
because	 their	only	known	function	to	date	 is	 in	disease	resistance	to	many	bacterial,	viral	
and	 fungal	 pathogens.	 Two	 NBS-LRR	 subfamilies	 exist;	 those	 with	 an	 amino-terminal	
Drosophila	Toll/human	 Interleukin-1	 receptor	 (TIR)	 domain	 (which	 are	 known	 as	 TIR-NBS-
LRR)	which	appear	to	be	restricted	to	dicots	(Miller	et	al.,	2008;	Das	et	al.,	2010)	and	those	
that	encode	an	amino-terminal	coiled-coiled	motif	(CC-NBS-LRR)	which	are	present	in	both	
monocots	and	dicots	(Meyers	et	al.,	2005;	Balmer	et	al.,	2012).		
	
A	number	of	partial	NBS-LRR	R-gene	analogue	(RGA)	sequences	have	been	amplified	 from	
different	 species	 of	 banana	 (Musa	 spp.)	 (Pei	 et	 al.,	 2007;	Miller	 et	 al.,	 2008).	 In	 addition,	
researchers	at	QUT	have	also	amplified	partial	RGAs	from	a	banana	population	derived	from	
a	 seeded	 diploid	 wild	 Musa	 acuminata	 ssp.	 malaccensis	 which	 was	 segregating	 for	
resistance	to	Foc	race	4	(Peraza-Echeverria	et	al.,	2008).	Of	the	five	different	classes	of	NBS	
sequences	obtained,	two	have	homology	to	the	Fusarium	resistance	gene,	I2,	from	tomato.	
The	 complete	 sequences	 of	 these	 two	 RGAs	 were	 isolated	 and	 over-expressed	 into	
‘Cavendish’.	 The	 ability	 of	 these	 potential	 R-genes	 to	 confer	 resistance	 to	 Foc	 TR4	 is	
currently	being	assessed	in	field	trials	in	Australia.	
	
R-genes	and	RGAs	have	been	extensively	 studied,	nevertheless	only	a	 small	number	of	R-
gene	 have	 been	 cloned	 and	 fully	 characterised	 while	 thousands	 of	 RGAs	 have	 been	
identified	in	many	plant	geneome	(Sekhwal	et	al.,	2015).	The	full	characterisation	of	R-genes	
provides	 valuable	 information	 not	 only	 of	 the	 structure,	 function	 and	 evolution,	 but	 also	
generates	useful	genetic	resources	to	create	novel	 resistant	cultivars.	Since	pathogens	are	
known	to	rapidly	evolve,	it	is	important	to	be	aware	that	the	durability	of	the	resistance	trait	
is	a	potential	limitation	to	the	R-gene	strategy,	as	resistance	could	be	lost	by	a	single	loss-of-
function	mutation	in	the	corresponding	pathogen	Avr	gene	(Bent	and	Mackey,	2007).		
	
1.3.2 Antimicrobial	proteins	(AMPs)	
In	the	past,	many	control	strategies	against	pathogens	with	a	necrotrophic	phase	in	their	life	
cycle	have	 focused	on	generating	 transgenic	plants	containing	antifungal	compounds	such	
as	AMPs.	From	the	vast	array	of	natural	AMPs	identified,	several	have	been	exploited	in	the	
development	 of	 disease	 resistant	 plants	 and	 have	 provided	 varying	 levels	 of	 protection	
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(Castro	and	Fontes,	2005	+	Montesinos,	2007).		In	‘Rasthali’	and	‘Gros	Michel’	banana,	very	
little	 success	 for	 resistance	 against	 Fusarium	wilt	 and	 yellow	 Sigatoka	 has	 been	 achieved	
with	AMPs	 (Chakrabarti	 et	al.,	 2003;	Remy	 et	al.,	 2008).	More	 stable	 synthetic	 analogs	of	
natural	AMPs	have	also	been	used	with	greater	 target	 specificity,	 reduced	degradation	by	
plant	 proteases	 and	 overall	 increased	 efficacy	 (Cary	 et	 al.,	 2000).	 However,	 the	 synthetic	
cecropin	 derivative,	 D4E1,	 that	 inhibits	 growth	 of	 several	 important	 fungal	 pathogens	 in	
vitro	 (Cary	et	al.,	2000;	Rajasekaran	et	al.,	2001)	was	 ineffective	 in	providing	resistance	to	
Foc	race	1	in	‘Lady	Finger’	banana	under	glasshouse	conditions	(Taylor,	2005).		
	
1.3.3 Inhibition	of	programmed	cell	death	(PCD)	as	a	novel	resistance	strategy	
Based	 on	 their	 infection	 strategies,	 plant	 pathogenic	 fungi	 are	 classified	 into	 three	 types.	
Biotrophs	 feed	 on	 the	 nutrients	 of	 living	 cells	 whereas	 necrotrophs	 kill	 the	 host	 cells,	
colonise	and	feed	on	dead	tissue.	An	intermediate	class,	the	hemi-biotrophs,	combine	both	
biotrophic	 and	 necrotrophic	 life	 styles.	 Consequently	 these	 pathogens	 use	 different	
strategies	 for	 survival;	 biotrophs	 suppress	 host	 plant	 defenses	 while	 necrotrophs	 avoid	
contact	with	defense	molecules	by	secreting	enzymes	and	toxins	to	kill	the	host	tissue	prior	
to	 pathogen	 invasion	 (Davidsson	 et	 al.,	 2013).	 Plant	 defense	 through	 the	 hypersensitive	
resistance	 (HR)	 response	 is	 characterised	 by	 rapid	 programmed	 cell	 death	 (PCD)	 of	 plant	
cells	 at	 the	 invasion	 site,	 a	 strategy	 that	 is	 effectively	 against	 biotrophs	 (De	 Pinto	 et	 al.,	
2012).	 This	 response	 is,	 however,	 ineffective	against	necrotrophs	 that	 survive	by	 inducing	
cell	 death	 in	 the	 infected	 plant	 tissues,	 partly	 by	manipulation	 of	 the	 plant’s	 natural	 PCD	
response	(Jiménez-Ruiz	et	al.,	2010;	Shlezinger	et	al.,	2011).	Foc	 is	generally	considered	to	
be	 hemi-biotrophic	 but	 its	 ability	 to	 overcomes	 host	 defenses	 during	 the	 early	 stages	 of	
infection	is	still	poorly	understood	(Babaeizda	et	al.,	2008;	Paul	et	al.,	2011).		
	
One	of	the	most	recently	reported	strategies	for	the	generation	of	plants	with	resistance	to	
fungal	pathogens	with	a	necrotrophic	phase	involves	the	use	of	genes	that	have	been	shown	
to	 inhibit	 apoptosis,	 a	well-studied	 and	morphologically	 distinct	 form	of	 programmed	 cell	
death	 (PCD)	 that	 occurs	 in	 mammalian	 systems	 (Chae	 et	 al.,	 2004;	 Paul	 et	 al.,	 2011).	
Infection	by	 a	 hemi-biotroph/necrotroph	 requires	 the	 active	 involvement	of	 the	host.	 For	
example,	 induction	 of	 PCD	 by	means	 of	 secreted	 proteinaceous	 host-selective	 toxins	 has	
been	 observed	 in	 some	 plants	 (Hoeberichts	 et	 al.,	 2003;	 Hellemans	 et	 al.,	 2007).	 It	 is	
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therefore	 likely,	 that	 some	 of	 the	 toxic	 compounds	 produced	 by	 hemi-
biotrophs/necrotrophs	are	inducers	of	PCD	(Oliver	and	Solomon,	2010).	Further,	it	has	been	
shown	that	infection	by	necrotrophs	can	be	prevented	by	abolishing	PCD	via	the	expression	
of	 anti-apoptosis	 genes	of	 animal	 origin	 (Dickman	 et	 al.,	 2001).	 Since	PCD	has	been	most	
extensively	studied	in	animal	cells,	a	short	review	of	this	process	in	animals	will	 initially	be	
done	before	discussing	it	in	plants.	
	
1.4 Programmed	cell	death	
1.4.1 PCD	in	the	animal	kingdom	
A	 molecular	 mechanism	 for	 eliminating	 developmentally	 misplaced	 or	 unwanted	 cells	 is	
essential	for	successful	development	and	growth	of	complex	multicellular	organisms	such	as	
animals.	 These	 include	 the	 generation	of	developmental	 patterns	 and	 the	 shaping	of	 cell,	
tissues,	and	organs	and	 in	a	number	of	other	processes	such	as	control	of	cell	population	
(homeostasis)	 and	 defense	 against	 pathogens	 (Greenberg,	 1996;	 Mittler	 and	 Lam,	 1996;	
Lockshin	et	al.,	1998).	PCD	is	a	general	functional	term	used	to	describe	all	cell	death	that	
results	 from	 the	 activation	 of	 specific	 pathways	 as	 opposed	 to	 necrosis	 which	 is	 a	 non-
physiological	process	that	occurs	as	a	result	of	infection	or	injury	(Kroemer	et	al.,	2009).	PCD	
pathways	include	proteins	and	enzymes	that	participate	in	the	regulation	and	execution	of	
cell	death	as	well	as	mechanisms	involved	in	the	dismantling	and	recycling	of	the	dead	cells	
(Schwartzman	and	Cidlowski,	1993;	Vaux,	1993;	Martin	et	al.,	1994).	Two	main	forms	of	PCD	
have	been	extensively	studied	in	animals,	apoptosis	and	autophagy	while	deeper	knowledge	
about	newly	discovered	forms	of	PCD	such	as	pyroptosis	and	necroptosis	is	being	gathered	
(Figure	1.7).	
	
1.4.1.1 Autophagy	
Autophagy	 is	 a	 programmed	 form	of	 cellular	 degradation	 that	 involves	 the	 breakdown	of	
dysfunctional	 or	 unnecessary	 cytoplasmic	 materials	 through	 the	 actions	 of	 lysosomes	
(Klionsky,	 2007;	Hotchkiss	 et	 al.,	 2009).	 Three	 types	of	 autophagy	have	been	defined	and	
differ	 from	 each	 other	 on	 the	 basis	 of	 how	 lysosomes	 receive	 material	 for	 degradation.	
During	 macroautophagy,	 targeted	 cytoplasmic	 elements	 (such	 as	 mitochondria	 or	 the	
endoplasmic	reticulum	(ER))	are	encapsulated	within	double-membraned	vesicles	known	as	
autophagosomes,	which	then	fuse	with	lysosomes	to	form	autolysosomes.	
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Figure	 1.7.	 Pathways	 to	 cell	 death.	 The	main	 forms	of	 PCD	apoptosis,	 autophagy,	 pyroptosis	 and	
necroptosis	 respond	 to	 specific	 initiating	 events	 and	have	distinct	 signalling	pathways.	 Lytic	 forms	
such	 as	 necroptosis,	 pyroptosis	 and	 necrosis	 exhibit	 cellular	 swelling	 and	 release	 of	 pro-
inflammatory	cellular	contents	while	the	nonlytic	autophagy	and	apoptosis	regulate	the	breakdown	
of	 cellular	 components	within	 intact	 plasma	membranes.	mTOR,	mechanistic	 target	 of	 rapamycin;	
Bcl-2,	 B-cell	 lymphoma;	 tBID,	 truncated	 Bcl-2	 interacting	 domain;	 TNFR1,	 tumor	 necrosis	 factor	
receptor;	 CASP,	 caspase;	 RIP,	 receptor-interacting	 protein;	 IL-1,	 interleukin;	 Ipaf,	NLR	 family	 CARD	
domain-containing	protein	4;	NLRP,	Nucleotide-binding	oligomerization	domain,	Leucine	rich	Repeat	
and	 Pyrin	 domain	 containing	 Proteins;	 AIM,	 absent	 in	 melanoma;	 PAMP,	 pathogen-associated	
molecular	 pattern;	 DAMP,	 damage-associated	 molecular	 pattern;	 dsDNA,	 double	 stranded	 DNA;	
ATP,	adenosine	triphosphate;	ROS,	reactive	oxygen	species	
Source:	(Wree	et	al.,	2013)	
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In	 microautophagy,	 an	 invagination	 of	 the	 lysosomal	 membrane	 engulfs	 the	 unwanted	
material	while	during	the	more	complex	chaperone-mediated	autophagy	(CMA),	heat-shock	
cognate	 proteins	 (such	 as	 HSC-70)	 translocate	 substrates	 to	 the	 lysosome	 (Levine	 et	 al.,	
2011).	
	
The	 homeostasis	 function	 of	 autophagy	 is	 mediated	 through	 the	 formation	 of	 the	
autophagosome,	 which	 includes	 vesicle	 nucleation,	 elongation	 and	 completion,	 and	 is	
strictly	regulated	by	a	set	of	evolutionarily	conserved	proteins,	the	autophagy-related	(ATG)	
proteins.	The	genes	encoding	theses	proteins	have	been	well	conserved	since	evolutionary	
distant	organisms	such	as	yeasts,	flies	and	mammals	have	been	shown	to	carry	a	similar	set	
of	 atg	 genes	 (Tsujimoto	 and	 Shimizu,	 2005).	 For	 a	 more	 comprehensive	 review	 on	 the	
molecular	basis	of	autophagy,	refer	to	a	recent	review	by	Liu	and	Levine	in	the	journal	‘’Cell	
Death	and	Differentiation’’	(Liu	and	Levine,	2015).	
	
Physiological	levels	of	autophagy	promote	cellular	survival	and	are	activated	by	a	variety	of	
sublethal	stress	conditions,	including	starvation,	hypoxia,	high	temperatures,	mitochondrial	
damage,	and	pathogen	 infection	 (Green	and	Levine,	2014).	To	maintain	 its	cellular	energy	
levels	 and	 extend	 its	 survival,	 the	 cell	 undergoes	 partial	 ‘’autodigestion’’	 (Tsujimoto	 and	
Shimizu,	2005).	Consequently,	autophagy	has	a	protective	role	 in	numerous	cell	processes	
including	 tumour	 growth	 suppression,	 deletion	of	 toxic	misfolded	proteins,	 elimination	of	
intracellular	microorganisms,	and	antigen	presentation	(Klionsky,	2007;	Levine	and	Deretic,	
2007).	 Recently,	 several	 studies	 have	 shown	 that	 autophagy	 can	 also	 be	 mechanistically	
involved	 in	 cell	 death	 during	 the	 development	 of	 invertebrates	 (Drosophila)	 and	 the	
hypersensitive	cell	death	in	plants	(Berry	and	Baehrecke,	2007;	Hofius	et	al.,	2009).	
	
1.4.1.2 Apoptosis	
Apoptosis	 is	 a	 very	 specific	 form	of	PCD,	which	displays	 in	mammalian	 cells,	 features	and	
morphological	changes	that	differentiate	it	from	other	types	of	PCD.	These	changes	include	
cell	 shrinkage,	 membrane	 blebbing,	 chromatin	 condensation,	 nuclear	 DNA	 fragmentation	
and	apoptotic	body	formation	(Figure	1.7).	DNA	cleavage	is	mediated	by	proteases	and	Ca2+	
dependent	nucleases	(Zhivotovsky	and	Orrenius,	2011),	while	apoptotic	bodies	are	recycled	
by	 neighboring	 cells	 resulting	 in	 their	 complete	 elimination	 (Ghavami	 et	 al.,	 2014).	 Cells	
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undergoing	apoptosis	are	eliminated	in	an	orchestrated	fashion,	avoiding	the	occurrence	of	
leakage	 of	 cellular	 contents	 and	 any	 associated	 inflammatory	 responses	 seen	 during	
necrosis.	
	
1.4.1.2.1 Molecular	mechanisms	of	apoptosis	
The	first	evidence	for	a	genetic	basis	of	apoptosis	came	from	studies	in	the	nematode	worm,	
Caenorhabditis	 elegans,	 in	which	both	positive	and	negative	 regulators	of	 cell	 death	have	
been	 identified	 (Hengartner,	 1999;	 Horvitz,	 1999;	 Liu	 and	 Hengartner,	 1999).	 Genetic	
screening	of	mutants	in	Caenorhabditis	elegans	has	identified	specific	genes	required	for	the	
execution	 and	 regulation	 of	 apoptosis	 of	 which	 four,	 Egl-1,	 Ced-3,	 Ced-4	 and	 Ced-9	 are	
essential.	 The	 pathway	 is	 initiated	 by	 Egl-1,	 which	 causes	 Ced-9	 to	 release	 its	 inhibitory	
effect	on	Ced-4,	which	 in	 turn	 recruits	 and	activates	 the	executioner	of	 apoptosis	protein	
called	Ced-3.	Ced-3	 is	 related	 to	mammalian	 interleukin-1-converting	enzyme	 (ICE),	which	
was	the	first	identified	member	of	a	large	family	of	cysteine	proteases	called	caspases	(for	
cysteinyl	 aspartate-specific	proteinases),	which	play	a	major	 role	 in	apoptosis	 (Thornberry	
and	Lazebnik,	1998;	Budihardjo	et	al.,	1999).		
	
1.4.1.2.2 Caspases	
Caspases	are	the	principal	executioners	of	apoptosis	and	the	inhibition	of	their	activity	can	
block	 this	 mechanism	 and	 all	 the	 morphological	 features	 associated	 with	 it.	 They	 are	
responsible	 for	 the	 initiation	 of	 cell	 disassembly	 in	 response	 to	 pro-apoptotic	 signals	
(initiator	 caspases)	 and	 the	 disassembly	 of	 the	 cell	 itself	 (effector	 caspases)	 (Figure	 1.8).	
They	 are	 activated	 by	 two	major	 pathways	which	 both	 lead	 to	 controlled	 cell	 death.	 The	
‘extrinsic’	pathway	 is	 initiated	by	the	activation	of	 ‘death	receptors’	on	the	surface	on	the	
plasma	membrane	by	 ligands	of	 the	tumor	necrosis	 factor	 (TNF)	superfamily,	whereas	the	
‘intrinsic’	 pathway	 is	 induced	 by	 cytokine	 deprivations	 and	 genotoxic	 damage.	 The	
mitochondria	 are	 actively	 involved	 in	 promoting	 apoptosis	 by	 releasing	 apoptogenic	
proteins,	 which	 play	 a	 major	 role	 in	 the	 evolution	 of	 cell	 death.	 For	 example,	 damaged	
mitochondria	release	the	protein	cytochrome	c	 in	the	cytoplasm	which,	 in	the	presence	of	
ATP	and	with	the	cofactor	Apaf-1	(apoptosis	protease-activating	factor	1)	and	procaspase-9,	
forms	a	complex	called	 the	apoptosome	 (Liu	 et	al.,	1996;	 Li	 et	al.,	1997;	Zou	 et	al.,	1997;	
Cain	 et	 al.,	 1999;	 Cain	 et	 al.,	 2000).	 This	 complex	 activates	 downstream	 effector	
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(executioner)	 caspases	 such	 as	 caspases-3	 and	 7	 and	 the	 subsequent	 cleavage	 of	
procaspases-2,	6,	8	and	10	 in	a	proteolytic	cascade	 leading	to	apoptosis	 (Slee	et	al.,	1999;	
Van	 de	 Craen	 et	 al.,	 1999;	 Acehan	 et	 al.,	 2002).	 Therefore,	 the	 release	 of	 mitochondrial	
proteins	must	 be	 tightly	 regulated	 and	 this	 function	 is	 the	main	 task	 of	 a	 large	 family	 of	
proteins	called	Bcl-2	(Cory	and	Adams,	2002).	
	
1.4.1.2.3 Bcl-2	proteins	and	the	regulation	of	apoptosis	
Proteins	of	the	Bcl-2	family	are	characterised	by	the	presence	of	four	(4)	distinct	conserved	
sequence	motifs	known	as	Bcl-2	homology	(BH1-4)	(Chan	and	Yu,	2004).	The	Bcl-2	family	can	
be	divided	into	anti-apoptotic	members	such	as	Bcl-2,	Bcl-xL,	Mcl-1,	Bcl-w	in	mammals	and	
Ced-9	in	C.	elegans	which	have	sequence	homology	in	all	four	BH	domains	and	promote	cell	
survival	 (Adams	 and	 Cory,	 1998)	 and	 pro-apoptotic	 members	 such	 as	 Bax,	 Bak	 and	 Bok	
which	have	only	homologous	BH1-3	domains	and	promote	cell	death	(Chao	and	Korsmeyer,	
1998).	
	
Anti-apoptotic	 members	 are	 primary	 membrane	 proteins	 found	 in	 the	 mitochondria,	
endoplasmic	 reticulum	and	nuclear	membranes	 (Krajewski	 et	al.,	 1993)	whereas	 the	 large	
majority	of	the	pro-apoptotic	proteins	are	localised	to	the	cytosol.	However,	the	latter	can	
experience	conformational	changes	following	death	stimuli	that	enable	them	to	translocate	
to,	and	integrate	into,	mitochondria	outer	membranes	(Hsu	et	al.,	1997;	Wolter	et	al.,	1997;	
Goping	et	al.,	1998;	Griffiths	et	al.,	1999;	Hardwick	et	al.,	2012).	Pro-apoptotic	members	are	
able	to	form	heterodimers	with	anti-apoptotic	members	thus	the	relative	concentrations	of	
pro-	to	anti-apoptotic	proteins	influence	the	susceptibility	of	cells	to	a	death	stimulus	(Chan	
and	Yu,	2004).	
	
Bax	acts	as	a	monomer	which	is	predominantly	localised	to	the	cytosol	as	an	inactive	form.	
However,	 during	 apoptosis,	 Bax	 alters	 its	 conformation,	 translocates	 and	 inserts	 into	 the	
outer	 mitochondrial	 membrane	 where	 it	 oligomerises	 with	 Bak	 leading	 to	 the	
permeabilisation	of	the	mitochondrial	outer	membrane,	possibly	through	formation	of	lipid	
pores	(Wolter	et	al.,	1997;	Nechushtan	et	al.,	2001;	Cory	and	Adams,	2002;	Kuwana	et	al.,	
2002).	Homo-oligomerisation	of	the	pro-apoptotic	proteins	Bak	and	Bax	on	the		
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Figure	1.8.	The	‘extrinsic’	and	‘intrinsic’	pathways	leading	to	apoptosis.	Apoptosis	can	be	initiated	
by	 the	 death-receptor	 (extrinsic)	 pathway	 that	 acts	 through	 caspase	 8	 or	mitochondrial	 (intrinsic)	
pathway	that	acts	through	caspase	9,	but	both	pathways	converge	to	activate	caspase	3,	the	effector	
caspases	 which	 act	 on	 the	 death	 substrates.	 FasL,	 Fas	 ligand;	 Fas,	 death	 receptor	 also	 known	 as	
CD95;	 Bax,	 Bcl-2-associated	 X	 protein;	 Bak,	 Bcl-2	 homologous	 antagonist/killer;	 Bcl-2,	 B-cell	
lymphoma	2;	Bcl-xL,	B-cell	lymphoma-extra	large;	Bid,	Bcl-2	interacting	domain;	tBID,	truncated	BID;	
Cyt.	C,	cytochrome	C;	Apaf-1,	apoptotic	protease	activating	factor-1;	AIF,	apoptosis-inducing	factor;	
Smac,	second	mitochondrial-derived	activator	of	Caspases;	IAP,	inhibitor	of	apoptosis.	
Source:	(Vila	and	Przedborski,	2003)	
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mitochondrial	membrane	 is	 essential	 for	 cytochrome	 c	 release	 and	 subsequent	 apoptotic	
events	 (Wei	et	al.,	2001;	Zong	et	al.,	2001).	Therefore,	the	central	 function	of	Bcl-2	family	
members	 in	mammals	 is	 to	 protect	 the	 integrity	 of	 the	mitochondria	 and	 to	 control	 the	
release	of	mitochondrial	proteins	into	the	cytoplasm	(Cory	and	Adams,	2002).		
	
By	 dimerization,	 anti-apoptotic	 members	 of	 the	 Bcl-2	 family	 are	 able	 to	 sequester	 pro-
apoptotic	 members	 preventing	 them	 from	 acting.	 Hence,	 many	 studies	 have	 shown	 that	
apoptosis	could	be	inhibited	by	the	over-expression	of	anti-apoptosis	proteins	such	as	Bcl-2	
or	 Bcl-xL	 (Reed,	 1998;	 Cost	 et	 al.,	 2010).	 Those	 two	 mitochondrial	 bound	 anti-apoptotic	
proteins	can	regulate	the	activation	of	Bax	and	Bak,	thus	preventing	cytochrome	c	release	in	
the	cytosol	and	subsequent	apoptosis	events	(Sharpe	et	al.,	2004;	Cost	et	al.,	2010;	Martin,	
2010).		
	
1.4.1.3 New	emerging	forms	of	PCD	in	animals	
A	 large	 number	 of	 new	 emerging	 forms	 of	 cell	 death	 have	 recently	 been	 defined	 and	
characterized	 by	 a	 particular	 aspect	 of	 the	 cell	 death	 process.	 Of	 major	 importance	 are	
necroptosis	 and	 pyroptosis	 but	 also	 includes	 other	 forms	 of	 regulated	 necrosis	 such	 as	
pyronecrosis,	parthanatos,	oxytosis,	ferroptosis,	ETosis,	and	NETosis	(Berghe	et	al.,	2014).	
	
1.4.1.3.1 Necroptosis	
As	 opposed	 to	 the	 orderly	 and	 organized	 disposal	 of	 cellular	 contents	 mediated	 by	 the	
caspases-dependent	 apoptosis,	 necrotic	 cell	 death	 is	 unprogrammed	 and	 results	 from	
cellular	damage	or	pathogens	infiltration	culminating	in	leakage	of	cellular	contents	into	the	
extracellular	 space.	 As	 a	 result,	 necrosis	 is	 characterised	 by	 an	 immediate	 inflammatory	
response	in	animals.		
	
A	 hybrid	 phenomenon	 of	 programmed	 necrosis	 termed	 “necroptosis”	 has	 recently	 been	
described	 in	mammalian	 systems	 (Christofferson	and	Yuan,	2010).	This	vertebrate	 specific	
and	 pathologically	 relevant	 regulated	 form	 of	 necrosis	 is	 activated	 under	 particular	
circumstances	 as	 a	 back-up	 system	 to	 fight	 the	 spread	 of	 a	 pathogen	 when	 the	 PCD	
machinery	 is	 impaired	 (Kaczmarek	 et	al.,	 2013).	 Indeed,	 cell	 suicide	 is	 an	effective	way	of	
restricting	 the	 spread	 of	 intracellular	 pathogens	 such	 as	 viruses.	 In	 most	 cases	 this	 is	
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achieved	 through	 caspases	 dependent	 apoptosis	 and	 followed	 by	 phagocytosis.	 However,	
some	viruses	express	caspase	inhibitors	allowing	them	to	bypass	the	apoptotic	machinery	of	
the	host	cell	and	keep	spreading	throughout	the	organism	(Challa	and	Chan,	2010;	Mocarski	
et	 al.,	 2012).	 By	 activating	 necroptosis,	 the	 cell	 can	 bypass	 caspase	 activation,	 therefore	
limiting	 the	 cells’	 exposure	 to	 the	 pathogen	 and	 preventing	 a	 systemic	 infection.	
Characteristic	 features	of	necroptotic	 cells	 include	 formation	of	 intracellular	 vacuoles,	 cell	
and	organelle	swelling,	rupture	of	the	plasma	membrane	and	subsequent	release	of	cellular	
contents	(Figure	1.8)	(Challa	and	Chan,	2010).		
	
The	 molecular	 mechanisms	 and	 signalling	 pathways	 responsible	 for	 necroptosis	 are	
relatively	well	defined	 in	mammalian	systems.	 In	a	nutshell,	necroptosis	 is	usually	 induced	
following	the	initial	activation	of	the	extrinsic	(receptor-mediated)	PCD	pathway	(Coll	et	al.,	
2011;	Chaabane	et	al.,	2013).	During	a	viral	 infection	the	production	of	the	cytokine	TNFα	
(tumor	necrosis	 factor	alpha)	 stimulate	 the	ubiquitous	membrane	 receptor	TNFR1.	During	
necroptosis,	 this	 interaction	 stimulates	 the	 receptor-interacting	 protein	 kinase	 1	 (RIP-1),	
which	recruits	RIP-3	in	a	complex	under	conditions	in	which	caspase-8	is	not	active	(Figure	
1.8)	 (Berghe	 et	 al.,	 2014).	 The	 formation	 of	 the	 microfilament-like	 RIP1/RIP3	 complex	
mediates	necroptosis	by	phosphorylation	and	activation	of	the	pseudokinase	MLKL	(mixed-
lineage	kinase	like)	(Kaczmarek	et	al.,	2013;	Green	and	Levine,	2014).	The	integration	of	the	
MLKL	protein	into	the	plasma	membrane	and	organelles	leads	to	their	permeabilisation	and	
the	release	of	cellular	contents	into	the	extra	cellular	spaces.	The	secretion	of	a	broad	array	
of	 pro-inflammatory	 molecules	 such	 as	 damage-associated	 molecular	 patterns	 (DAMPS)	
elicits	the	 immune	responses	through	pattern	recognition	receptors	(PRRs)	(Zitvogel	et	al.,	
2010;	Berghe	et	al.,	2014).		
	
Necroptosis	has	an	essential	role	 in	 inflammation	and	immunity	and	is	an	effective	way	to	
engage	the	immune	system	to	trigger	a	systemic	response	targeting	a	pathogen.	In	addition,	
necroptosis	 has	 also	 been	 shown	 to	 be	 an	 essential	 component	 of	 inflammatory	 clinical	
disorders	 such	 as	 inflammatory	 bowel	 diseases,	 pancreatitis,	 myocardial	 infarction	 and	
stroke.	 As	 functional	 parallels	 exist	 between	 animal	 and	 plant	 PCD,	 it	 is	 reasonable	 to	
believe	that	a	necroptosis-like	mechanism	also	exists	in	plants.	
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1.4.1.3.2 Pyroptosis	
Pyroptosis	is	a	distinct	form	of	PCD	that	is	highly	inflammatory,	immunogenic	and	uniquely	
dependent	 on	 caspase-1	 (Cookson	 and	 Brennan,	 2001).	 Pyroptotic	 cell	 death	 was	 first	
reported	 in	 macrophages	 in	 response	 to	 infection	 with	 several	 bacteria	 species	 such	 as	
Salmonella	 and	 Shigella	 (Sansonetti	 et	 al.,	 2000;	 Boise	 and	 Collins,	 2001;	 Cookson	 and	
Brennan,	2001;	Obregon	et	al.,	2003).	Pyroptosis	plays	a	major	role	in	response	to	microbial	
infections	 including	 viruses	 by	 inducing	 pathological	 inflammation	 (Allen	 et	 al.,	 2009)	 and	
can	 also	 be	 triggered	 by	 other	 pathological	 stimuli	 such	 as	 stroke,	 heart	 attack	 or	 cancer	
(Bergsbaken	 et	 al.,	 2009).	 In	 contrast,	 excessive	 stimulation	 of	 the	 immune	 system	 can	
result	 in	 chronic	 debilitating	 metabolic	 disorders,	 such	 as	 obesity,	 type	 II	 diabetes,	
autoinflammatory	diseases	(cryopyrinopathies)	 (Neven	et	al.,	2008;	Davis	et	al.,	2011)	and	
can	rapidly	progress	HIV	to	AIDS	(Doitsh	et	al.,	2014).		
	
The	initiation	of	pyroptosis	is	caused	by	the	recognition	of	DAMPS	and	pathogen-associated	
molecular	 patterns	 (PAMPS)	by	 two	 types	of	 PRRs,	 the	Nod-like	 receptors	 (NLRs)	 and	 the	
Toll-like	 receptors	 (TLRs)	 (Bortoluci	 and	Medzhitov,	 2010).	 The	 recognition	of	 intracellular	
pathogens	 or	 harmful	 stimuli	 by	 NLRs	 triggers	 the	 formation	 of	 a	 multi-protein	 complex	
called	 the	 inflammasome,	 which	 leads	 to	 the	 activation	 of	 caspase-1	 (Bergsbaken	 et	 al.,	
2009).	Caspase-1	can	then	process	the	proforms	of	the	inflammatory	cytokines,	interleukin-
1β	 (IL-1β)	 and	 IL-18,	 to	 their	 active	 forms	 and	 allows	 their	 cellular	 release	which	 attracts	
other	immune	cells	to	fight	the	infection	and	contributes	to	inflammation.		
	
Even	 though	 the	 presence	 of	 a	 pyroptotic-like	 mechanism	 in	 plant	 has	 not	 been	
demonstrated,	a	number	of	evidences	point	toward	the	idea	that	the	interactions	between	
fungal	 pathogens	 and	 their	 susceptible	 plant	 hosts	 could	 be	 mediated	 by	 a	 similar	
mechanism	(Hatsugai	et	al.,	2004;	Rojo	et	al.,	2004;	Hara-Nishimura	and	Hatsugai,	2011).		
	
Independently	of	how	complex	PCD	mechanisms	can	be,	they	appear	to	be	highly	conserved	
as	seen	between	the	nematode	worm	C.	elegans	and	mammals.	While	the	mechanisms	of	
cell	 death	 in	 animals	 have	 been	 studied	 in	 great	 detail,	 our	 understanding	 of	 these	
mechanisms	in	plants	is	still	poor.	However,	PCD	is	clearly	an	essential	mechanism	in	plants	
during	development,	senescence	and	 in	response	to	different	pathogen	attacks,	extending	
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the	notion	that	these	mechanisms	may	be	conserved	across	kingdoms.	Although	plant	and	
animal	 kingdoms	 share	 common	 features	 in	 relation	 to	 the	 cell	 death	 process,	 the	
fundamental	 nature	 of	 plant	 cells	 highlights	 some	 major	 differences	 with	 mammalian	
systems.	
	
1.4.2 PCD	in	plants	
Like	most	multicellular	organisms,	higher	plants	depend	upon	PCD	for	achieving	their	proper	
development,	 growth	 and	 survival.	 Indeed,	 there	 is	 ample	 evidence	 that	 several	 plant	
processes	such	as	xylem	formation,	senescence	and	several	other	developmental	processes	
as	well	as	responses	to	biotic	(hypersensitive	response)	and	abiotic	stresses	involve	a	form	
of	PCD.	However,	these	genetically	programmed	events	are	not	all	apoptotic-like	(Lim	et	al.,	
2007).	For	example	in	plant,	autophagy	is	important	for	nutrient	remobilization	during	sugar	
and	 nitrogen	 starvation	 and	 leaf	 senescence,	 degradation	 of	 oxidised	 proteins	 during	
oxidative	 stress,	 disposal	 of	 protein	 aggregates,	 and	 possibly	 even	 removal	 of	 damaged	
proteins	 and	 organelles	 during	 normal	 growth	 conditions	 as	 a	 housekeeping	 function	
(Gadjev	et	al.,	2008).		
	
Apoptotic-like	 PCD	 (AL-PCD)	 is	 a	 cell-death	 process	 defined	 by	 the	 presence	 of	 very	
characteristic	 hallmark	 features	 including	 shrinkage	 of	 the	 protoplast	 from	 the	 cell	 wall,	
intranucleosomal	DNA	fragmentations	leading	to	DNA	laddering	as	well	as	the	activation	of	
proteases	and	the	release	of	mitochondrial	protein	such	as	cytochrome	c.	(Hoeberichts	and	
Woltering,	2003;	Reape	and	McCabe,	2008).	Many	of	 the	defining	 features	of	AL-PCD	are	
similar	 to	 the	 characteristic	 features	 of	 animal	 apoptosis;	 however,	 plant	 cells	 display	
several	 unique	 features	 that	 differ	 from	 animal	 cells.	 Unlike	 animals,	 morphogenesis	 in	
plants	depends	only	on	cell	division	and	cell	death	and	not	on	cell	migration.	Other	unique	
features	 of	 plant	 cells	 include	 the	 presence	 of	 a	 rigid	 cell	wall	 that	may	 act	 as	 a	 physical	
barrier	preventing	the	recycling	of	cellular	material	from	dead	cells	via	apoptotic	bodies,	the	
lack	of	‘true’	caspases,	the	lack	of	an	active	phagocytosis	system,	totipotency,	the	presence	
of	chloroplasts	as	well	as	numerous	and	sometimes	large	vacuoles	harboring	high	levels	of	
derivative	and	other	enzymes	(Reape	et	al.,	2008).		
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In	plants,	as	in	animals,	PCD	is	an	essential	process	during	growth	and	development	but	also	
in	response	to	various	abiotic	and	biotic	stresses.	Although	the	function	of	cell	death	may	be	
similar	between	animals	and	plants,	the	mechanisms	involved	have	been	proven	to	be	very	
different	(Greenberg,	1996;	Mittler	and	Lam,	1996;	Mittler,	1998;	Coll	et	al.,	2011).	
	
1.4.2.1 PCD	during	plant	development	and	maturation	
PCD	 mechanisms	 are	 extensively	 used	 by	 plants	 for	 the	 expression	 of	 tissue	 and	 organ	
functions,	and	for	efficient	nutrition	and	reproduction	(Pennell	and	Lamb,	1997;	Guiboileau	
et	 al.,	 2010).	 Therefore,	 there	 are	 many	 examples	 of	 PCD	 occurring	 during	 plant	
reproduction	 and	 during	 various	 stages	 of	 vegetative	 growth	 from	 seed	 germination	
through	to	maturation	and	senescence	(Pennell	and	Lamb,	1997;	Rogers,	2005;	Guiboileau	
et	al.,	2010).	
	
The	 degradation	 of	 the	 embryo	 suspensor	 formed	 from	 divisions	 of	 the	 basal	 cell	 of	 the	
zygote	 during	 embryogenesis	 is	 believed	 to	 be	 an	 outcome	 of	 PCD	 (Yeung	 and	 Meinke,	
1993;	 Opatrný,	 2014).	 Further,	 floral	 sex	 determination	 in	 certain	 species	 such	 as	maize,	
campion	and	asparagus	is	also	a	consequence	of	PCD	of	preformed	sex	organs	resulting	in	
unisexuality	(Dellaporta	and	Calderon-Urrea,	1993).	Different	parts	and	organs	of	the	plants	
also	 undergo	 PCD	 during	 maturation.	 This	 can	 be	 seen	 during	 formation	 of	 tracheary	
elements	(TEs),	which	are	the	essential	parts	of	the	vascular	tissue	(Fukuda,	1996;	Fukuda,	
2000;	Koroleva	 et	al.,	 2010)	 (Figure	1.9).	Both	xylem	 (water	 conducting	 cells)	 and	phloem	
(nutrient-conducting	cells)	undergo	autolysis	as	 they	differentiate	and	mature.	PCD	 is	also	
involved	 in	 the	 formation	 of	 dead	 cells	 at	 the	 root	 cap	 that	 protects	 the	 root	 apical	
meristem	 during	 seed	 germination	 and	 seedling	 growth	 into	 the	 soil	 (Wang	 et	 al.,	 1996;	
Laux	 and	 Jurgens,	 1997;	 Schiefelbein	 et	 al.,	 1997;	 Van	 Hautegem	 et	 al.,	 2014).	 Other	
examples	of	PCD	occurring	during	 leaf	development	are	seen	by	 the	occurrence	of	 slits	 in	
the	leaves	of	the	genus	Monstera	(Greenberg,	1996),	incisions	in	palm	leaves	(Thomas	et	al.,	
2000)	and	holes	in	lace	plant	leaves	(Gunawardena	et	al.,	2004).	PCD	is	also	believed	to	play	
a	very	 important	 role	during	 senescence	and	 involves	either	aging	of	 the	different	 tissues	
and	organs	or	the	actual	process	of	whole	plant	death	seen	in	monocarpic	plants	following	
fertilization	and	seed	set	(Bleecker	and	Patterson,	1997).	
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Figure	 1.9.	 Examples	 of	 programmed	 cell	 death	 (PCD)	 in	 plant	 development	 and	 in	 response	 to	
environmental	 fluctuations.	 PCD	 occurs	 during	 embryogenesis	 (suspensor	 elimination),	 tapetum	
degeneration,	pollen	self-incompatibility,	organ	senescence	(petals,	sepals,	leaves),	formation	of	lace	
leaf	 shape,	 synergid	 and	 antipode	 cell	 death	 in	 the	 female	 gametophyte,	 tracheary	 element	
differentiation,	some	types	of	trichome	maturation,	cell	death	of	the	aleurone	layer	in	germinating	
monocot	 seeds,	 aerenchyma	 formation	 under	 oxygen	 deprivation	 (anoxia),	 cell	 death	 of	 root	 cap	
cells,	 cell	 death	 during	 allelopathic	 plant^plant	 interactions,	 and	 plant	 attack	 by	 necrotrophic	 or	
response	(HR)-triggering	pathogens	hypersensitive.	
Source:	Gadjev	et	al.,	2008	
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1.4.2.2 Caspase-like	proteolytic	activity	regulates	plant	PCD	
In	plants,	vacuoles	are	major	organelles	that	contain	hydrolytic	enzymes	such	as	proteases,	
lipases	and	nucleases,	which	are	known	to	be	associated	with	developmental,	pathogen	and	
stress-induced	PCD.	The	participation	of	proteases,	specifically	caspases,	in	the	regulation	of	
animal	 PCD	 implies	 that	 proteases	 could	 also	 be	 involved	 in	 the	 regulation	 of	 plant	 PCD	
(Hoeberichts	 and	 Woltering,	 2003).	 Most	 evidence	 for	 the	 existence	 and	 function	 of	
caspase-like	proteins	(CLPs)	in	plants	is	based	on	studies	with	caspase-specific	inhibitors	(del	
Pozo	 and	 Lam,	 1998).	 Different	 groups	 of	 CLPs,	 such	 as	metacaspases	 (Uren	 et	 al.,	 2000;	
Lord	and	Gunawardena,	2012)	and	 legumains,	have	been	 identified	and	shown	to	express	
caspase-like	activity.	 Further,	 vacuolar	processing	enzyme	 (VPE)	which	 is	a	plant	 legumain	
with	 significant	 structural	 homology	 to	 animal	 caspases	 (Rotari	 et	 al.,	 2001)	 has	 been	
identified	as	a	plant	caspase	that	is	essential	for	an	early	step	of	virus-induced	HR	(Hatsugai	
et	al.,	2004;	Hara-Nishimura	et	al.,	2005;	Hara-Nishimura	and	Hatsugai,	2011).	Even	if	VPE	is	
a	 functional	 homologue	 of	 a	mammalian	 caspase,	 plants	 use	 a	 vacuole-mediated	 system	
which	 is	 not	 found	 in	 animals,	 and	 therefore	 the	 possibilities	 for	 homologous	 death	
strategies	 remain	very	slim.	Regardless,	VPEs	offer	a	new	hope	 for	 the	characterization	of	
the	molecular	mechanism	of	vacuole	mediated	cell	death	in	plants	(Williams	and	Dickman,	
2008;	Hatsugai	et	al.,	2015).	
	
1.4.2.3 Abiotic	stress-induced	PCD	
The	 environment	 often	 imposes	 a	 number	 of	 abiotic	 stresses	 on	 plants	 such	 as	 cold,	
drought,	salinity	and	excessive	UV	irradiation,	which	can	often	induce	the	activation	of	PCD.	
PCD	responses	to	 these	stresses	are	 important	 factors	 limiting	crop	production	worldwide	
(Qiao	et	al.,	2002)	and	have	been	extensively	studied	and	reviewed	in	the	literature	(Beers,	
1997).	Excess	soil	salinity	is	thought	to	be	a	major	cause	of	environmental	PCD	in	plants	and	
a	major	concern	for	crops	in	many	tropical	and	subtropical	regions	of	the	globe.	Exposure	of	
plants,	such	as	barley	and	Arabidopsis,	to	excessive	sodium	chloride,	resulted	in	an	increase	
in	 the	number	of	 root	 cells	 containing	DNA	 laddering	 and	other	 characteristic	 features	of	
apoptosis	(Huh	et	al.,	2002;	Li	and	Dickman,	2004).		
	
Abiotic	stresses	are	often	associated	with	the	release	of	 large	amounts	of	reactive	oxygen	
species	 (ROS)	 within	 plant	 cells.	 This	 so-called	 ‘oxidative	 burst’	 is	 mediated	 by	 the	
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chloroplast	in	which	highly	energetic	photosynthetic	reactions	and	abundant	oxygen	supply	
provide	 an	 ideal	 environment	 for	 the	 production	 of	 ROS.	 The	 topical	 application	 of	 the	
chloroplast	 targeted,	 ROS-generating	 herbicides	 (Paraquat)	 and	 non-ROS-generating	
herbicide	(glyphosate)	on	plants	has	clearly	demonstrated	that	chloroplasts	are	likely	to	be	
major	 players	 in	 cell	 death	 responses	 in	 plants	 (Chen	 and	 Dickman,	 2004;	 Zapata	 et	 al.,	
2005).	 To	 further	 highlight	 the	 link	 between	 plant	 PCD	 and	 ROS	 production	 in	 the	
chloroplast,	over-expression	of	the	animal	anti-apoptotic	genes,	Bcl-2,	Bcl-xL	and	Ced-9,	 in	
transgenic	tobacco	and	peanuts	conferred	protection	against	ROS-eliciting	herbicides	(Chen	
and	Dickman,	2004;	Chu	et	al.,	2008).	
	
1.4.2.4 Pathogen-induced	PCD	
A	major	 focus	 in	plant	 research	has	been	directed	 towards	understanding	 the	underlining	
mechanisms	 of	 PCD	 during	 plant-pathogen	 interactions.	 The	 main	 pathogens	 causing	
diseases	in	plants	are	bacteria,	viruses	and	fungi.	Although	plants	possess	many	pre-existing	
structural	and	chemical	barriers	to	prevent	infection	by	most	of	those	pathogens	(Osbourn,	
1996;	 Anderson	 et	 al.,	 2010),	many	 pathogens	 are	 still	 able	 to	 overcome	 these	 defenses.	
When	 such	 pathogens	 try	 to	 invade	 a	 plant	 cell,	 a	 series	 of	 defense	 mechanisms	 are	
triggered	in	an	attempt	to	contain	and	isolate	the	invader.	Depending	upon	the	pathogen,	
cell	death	may	be	either	beneficial	or	detrimental	 to	 the	plant.	As	biotrophs	by	definition	
require	 livings	 cells	 for	 growth	 and	 colonisation,	 during	 biotrophic	 plant-pathogen	
interactions,	PCD	is	often	triggered	to	prevent	an	infection.	In	contrast,	PCD	in	response	to	
necrotrophic	 pathogens,	 which	 feed	 upon	 dead	 or	 dying	 tissue,	 is	 advantageous	 to	 the	
pathogen	and	not	the	plant	(Williams	and	Dickman,	2008).	Recent	studies	suggest	that	the	
death	 associated	 with	 some	 necrotrophic	 pathogens	 is	 apoptotic-like,	 demonstrating	
features	such	as	DNA	fragmentation	and	the	formation	of	apoptotic-like	bodies	(Dickman	et	
al.,	2001;	Yao	et	al.,	2001;	Tada	et	al.,	2005;	van	Doorn	et	al.,	2011).		
	
One	of	these	defense	mechanisms	is	referred	to	as	the	hypersensitive	response	(HR)	which	
is	a	mechanism,	used	by	plants,	to	prevent	the	spread	of	infection	by	microbial	pathogens.	
The	HR	can	be	defined	as	the	rapid	death	of	plant	cells	 in	the	 local	region	surrounding	an	
infection	 to	 restrict	 the	 growth	 and	 spread	 of	 pathogens	 to	 other	 parts	 of	 the	 plant	
(Goodman	and	Novacky,	1994;	Heath,	1998;	Mittler,	1998;	van	Doorn	and	Woltering,	2005).	
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It	relies	on	the	presence	of	an	avirulence	(Avr)	gene	in	the	pathogen,	the	product	of	which	is	
specifically	 recognised	 by	 a	 plant	 encoded	 resistance	 (R)	 gene.	 This	 interaction	 is	 termed	
‘incompatible’	and	will	 trigger	 the	 rapid	activation	of	defense	mechanisms	 involved	 in	 the	
HR	that	will	 limit	or	prevent	the	spread	of	the	pathogen	(Heath,	1998).	The	HR	commonly	
precedes	 a	 slower	 systemic	 (whole	 plant)	 response,	 which	 ultimately	 leads	 to	 systemic	
acquired	 resistance.	Many	 studies	have	been	 conducted	 in	 an	 attempt	 to	understand	 the	
underlying	molecular	mechanisms	of	the	HR	and	to	correlate	them	with	PCD	and	apoptosis	
in	 mammalian	 systems.	 Despite	 some	 attractive	 similarities,	 the	 clear	 morphological	
changes	occurring	during	apoptosis	 in	mammals	do	not	clearly	appear	 in	plants	cells	dying	
from	the	HR	(Levine	et	al.,	1996;	Mittler	et	al.,	1997).	
	
1.4.2.5 The	BAG	and	HSP	protein	families	
First	 identified	 in	mouse	 embryo,	 the	Bcl-2-associated	 athanogene	 (BAG)	 proteins	 are	 an	
evolutionarily	 conserved	 family	of	 cochaperones	 that	modulate	a	number	of	physiological	
processes	such	as	apoptosis,	tumor	genesis,	neuronal	differentiation,	stress	responses	and	
the	 cell	 cycle	 in	 yeast,	mammals	 and,	 as	 recently	 observed,	 in	 plants	 (Doukhanina	 et	 al.,	
2006;	 Kabbage	 and	 Dickman,	 2008).	 Members	 of	 the	 BAG	 family	 have	 a	 conserved	 C-
terminal	BAG	domain	(BD)	containing	between	110	and	130	amino	acids.	The	BD	contains	
three	 α	 helices	 that	 directly	 interacts	 with	 heat-shock	 protein	 70	 (Hsp70)	 and	 Hsp90,	 to	
regulate	their	activity	(Williams	et	al.,	2010).	Six	BAG	family	members	have	been	identified	
and	very	well	characterised	in	humans	and	shown	to	regulate	the	function	of	Hsp70/Hsc70	
(heat-shock	cognate	70)	and	form	complexes	with	a	range	of	transcription	factors	(Kabbage	
and	Dickman,	2008).	
	
However,	 because	 of	 low	 sequence	 identities,	 no	 BLAST	 searches	 could	 identify	 BAG	
homologs	in	plants.	Therefore,	it	was	not	until	2006	that	tool	such	as	Hidden	Markov	Model-
based	approaches	and	profile-profile	algorithms	were	used	to	identify	seven	BAG	homologs	
from	Arabidopsis	thaliana	(Doukhanina	et	al.,	2006).	Four	of	the	seven	BAG	homologs	from	
Arabidopsis	 (AtBAG1-4)	 have	 domain	 organization	 similar	 to	 animal	 members	 and	 are	
predicted	 to	 localise	 to	 the	 cytoplasm	 while	 the	 remaining	 three	 members	 (AtBAG5-7)	
contain	a	predicted	calmodulin-binding	motif	near	the	BD,	a	feature	unique	to	plant	Bcl-2-
associated	 athanogene	 (BAG)	 proteins	 (Doukhanina	 et	 al.,	 2006;	 Kabbage	 and	 Dickman,	
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2008).	 AtBAG-5	 has	 a	 predicted	 mitochondrial	 localisation	 while	 AtBAG-6	 and	 7	 are	
predicted	to	localise	in	the	nucleus.	To	date,	partial	functional	studies	have	already	shown	
that	 the	 role	 of	Arabidopsis	 BAGs	 is	 partly	 to	 regulate	 cytoprotective	 processes	 like	 their	
mammalian	 counterparts.	More	 recently	 the	 identification	and	 functional	 characterisation	
of	 the	 BAG	 protein	 family	 in	 Oryza	 sativa	 revealed	 the	 presence	 of	 six	 OsBAG	 genes.	
OsBAG1-4	 contains	 ubiquitin-like	 domains	 located	 in	 the	N-terminus	while	OsBAG5	 and	6	
have	 a	 predicted	 calmodulin-binding	 motif	 near	 the	 BD	 (Rashid	 et	 al.,	 2012).	 Based	 on	
Affymetrix	data	the	expression	of	OsBAG	genes	under	different	stresses	in	rice	showed	that	
OsBAG5	was	highly	up-regulation	under	anoxia,	salt	and	heat	stress	and	after	exposure	to	
the	rice	blast	 fungus	(Magnaporthe	grisea)	while	OsBAG1	was	only	up-regulated	following	
exposure	to	rice	blast	fungus	(Rashid	et	al.,	2012).	 In	addition,	RT-qPCR	expression	data	of	
these	genes	during	heat	stress	also	suggest	that	OsBAG	genes	might	play	an	important	role	
at	the	onset	of	heat	stress	(Rashid	et	al.,	2012).		
	
HSPs	is	a	family	of	chaperone	proteins	which	are	induced	when	a	cell	is	exposed	to	elevated	
temperature	or	a	variety	of	environmental	stress	conditions	 (Gupta	et	al.,	1996;	Salami	et	
al.,	2011).	HSPs	are	located	in	the	cytoplasm	and/or	the	endoplasmic	reticulum,	plastid	and	
mitochondria	and	have	been	classified	into	families	based	on	their	molecular	weights.	They	
include	HSP100,	HSP90,	HSP70,	HSP60,	HSP40,	HSP10	and	alpha-HSPs	(Salami	et	al.,	2011).	
Of	these,	HSP90	is	the	most	important	as	it	is	widely	distributed	in	plants	(Koide	et	al.,	2006;	
Salami	 et	 al.,	 2011).	 These	 proteins	 act	 as	 chaperones	 by	 mediating	 the	 correct	 folding,	
assembly	 and	 transport	 of	 polypeptides	 or	 as	 proteases	 degrading	 irreversibly	 unfolded	
proteins.	
	
1.4.3 Exploitation	of	PCD	related	genes	in	transgenic	plants	
Broad-spectrum	resistance	to	 toxin	producing	necrotrophic	 fungi,	as	well	as	abiotic	stress,	
has	 been	 achieved	 by	 over-expressing	 anti-apoptosis	 genes	 of	 different	 animal	 origins	 in	
plants	 (Dickman	 et	 al.,	 2001;	 Paul,	 2009;	 Liu	 et	 al.,	 2012;	 Audenaert	 et	 al.,	 2013).	 For	
example,	 transgenic	 tobacco	 plants	 expressing	 anti-apoptosis	 genes	 such	 as	 Bcl-xL	 (from	
chicken),	Ced-9	 (from	the	nematode	worm	C.	elegans),	Bcl-2-3’UTR	(from	human)	and	Op-
IAP	(from	a	baculovirus),	all	under	the	control	of	constitutive	promoters,	were	found	to	have	
heritable	resistance	against	a	range	of	necrotrophic	fungal	pathogens,	 including	Sclerotinia	
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sclerotiorum,	 Botrytis	 cinerea	 and	 Cercospora	 nicotianae,	 as	 well	 as	 to	 the	 necrogenic	
Tomato	spotted	wilt	virus	(TSWV)	(Dickman	et	al.,	2001).	In	addition,	Bcl-xL	and	Ced-9	have	
subsequently	 been	 transformed	 into	 tobacco,	 tomato	 and	 peanut	 and	 these	 plants	 have	
shown	resistance	to	abiotic	stresses	such	as	drought,	salinity,	oxidative	stress,	UV	radiation	
and	herbicide	treatment	(Qiao	et	al.,	2002;	Awada	et	al.,	2003;	Xu	et	al.,	2004;	Shabala	et	
al.,	2007;	Chu	et	al.,	2008).		
	
The	 over-expression	 of	mammalian,	 nematode	 and	 viral	 regulators	 of	 apoptosis	 in	 plants	
has	been	found	to	be	a	powerful	tool	for	the	study	of	genes	involved	in	plant	PCD	as	well	as	
for	 the	 development	 of	 broad	 pathogen	 resistance	 (Dickman	 et	 al.,	 2001;	 Lincoln	 et	 al.,	
2002;	 Babaeizda	 et	 al.,	 2008;	 Paul	 et	 al.,	 2011).	 In	 addition	 to	 the	 examples	 mentioned	
above,	 transgenic	 tomato	 plants	 containing	 a	 constitutively	 expressed	 (CaMV	 35S)	
baculovirus	p35	gene	(a	specific	 inhibitor	of	Caspases	functioning	 in	 infected	 insects)	were	
shown	to	be	protected	against	the	AAL-toxin	of	Alternaria	alternata	f.	sp.	lycopersici	(Lincoln	
et	al.,	2002;	Matsumura	et	al.,	2003).	Further,	the	generation	of	transgenic	rice	cells	over-
expressing	 the	 Arabidopsis	BI-1	 gene	 showed	 sustainable	 cell	 survival	 following	 challenge	
with	the	elicitor	of	the	rice	blast	fungus,	Magnaporthe	grisea	(Matsumura	et	al.,	2003).	The	
transient	 over-expression	 of	 the	 tomato	BI-1	 gene	 in	 tomato	 leaves	 also	 resulted	 in	 both	
cold	and	heat	shock	resistance	of	those	leaves	(Chae	et	al.,	2003).	
	
Importantly,	a	recent	study	has	shown	that	 increased	resistance	to	Fusarium	oxysporum	f.	
sp.	 cubense	 (Foc)	 race	 1	 to	 normally	 susceptible	 ‘Lady	 Finger’	 banana	 could	 be	 achieved	
under	 glasshouse	 conditions	 by	 over-expression	 of	 Bcl-xL,	 Ced-9	 and	 Bcl-2	 3’UTR	 genes	
under	the	control	of	a	constitutive	promoter	(Paul	et	al.,	2011).	In	the	same	study,	Paul	and	
colleagues	reported	that,	when	the	apoptotic	effects	of	the	fungus	were	assessed	on	both	
wild-type	and	Bcl-2	3’	UTR-transgenic	‘Lady	Finger’	banana	cells	using	rapid	 in-vitro	assays,	
the	apoptotic-like	cell	death	was	elicited	 in	the	wild-type	banana	root	cells	as	early	as	6	h	
post-exposure	to	fungal	spores.	In	contrast,	when	the	root	cells	of	Foc	race	1	resistant	Bcl-2	
3’	UTR-transgenic	lines	were	exposed	to	fungal	spores,	cell	death	was	reduced.	These	results	
indicated	 that	 the	 use	 of	 anti-apoptosis	 genes	 from	 animal	 origin	 could	 confer	 increased	
protection	against	Foc	race	1	 in	transgenic	 ‘Lady	Finger’,	a	cultivar	normally	susceptible	to	
this	 pathogen.	 This	 was	 a	 significant	 breakthrough	 which	 provided	 proof-of-concept	 that	
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anti-apoptosis	gene	could	be	good	candidates	to	control	Fusarium	wilt.	Unfortunately,	the	
animal	 origin	 of	 the	 genes	 used	 is	 a	 major	 limitation	 to	 this	 technology	 and	 makes	 it	
undesirable	 for	 commercial	exploitation.	Therefore,	 the	use	of	plant	or	virus-derived	anti-
apoptosis	 genes,	 many	 of	 which	 have	 been	 used	 in	 other	 plants	 to	 control	 necrotrophic	
pathogens,	is	a	promossing	opportunity	to	make	this	technology	viable	in	banana.	
	
1.5 Understanding	interactions	between	Foc	and	its	host,	banana	
Host	 cell	 entry	 by	 a	 pathogen	 is	 an	 important	 biological	 phenomenon	 and	 the	 cellular	
interface	 between	 the	 fungus	 and	 the	 host	 plant	 is	 a	 scientifically	 fascinating	 scene	 of	
conflict	(Panstruga,	2010).	Fungal-plant	interactions	have	been	extensively	studied	in	recent	
years	 especially	 because	 the	 strategies	 that	 suppress	 cell	 death	 to	 protect	 against	
necrotrophs	may	 facilitate	biotrophic	pathogen	 infections	 (Nunes	and	Dean,	2012;	 Ilyas	et	
al.,	 2013).	 Therefore,	 interference	 with	 plant	 defenses	 and	 manipulation	 of	 resistance	
mechanisms	needs	to	be	carefully	understood	and	balanced.	A	better	understanding	of	the	
physical,	physiological	and	biochemical	host	 responses	 following	pathogen	attack	can	 lead	
to	improved	strategies	for	generating	resistance	to	necrotrophs	without	compromising	the	
plant	resistance	to	biotrophic	pathogens.		
	
Growth	of	pathogenic	fungi	In	planta	can	be	observed	using	various	microscopy	procedures	
(Yu	et	al.,	2007).	Hyphae	architecture	within	and	between	root	cells	can	be	observed	using	
light	microscopy	or	transmission	electron	microscopy	of	infected	tissue	sections	(Lam	et	al.,	
2010;	 Cole	 et	 al.,	 2014).	 In	 previous	 studies,	 roots	 infection	 of	 susceptible	 and	 resistant	
banana	 cultivars	 has	 been	 followed	 using	 a	 green	 fluorescent	 protein	 (GFP)-tagged	
transgenic	fungal	strain	of	Foc	tropical	race	4	and	pathogenesis	studied	using	fluorescence	
microscopy	and	confocal	 laser	scanning	microscopy	(Li	et	al.,	2012;	Li	et	al.,	2013a).	 It	was	
shown	that	in	race	4	susceptible	cultivars,	fungal	hyphae	infected	root	hair	and	lateral	roots	
and	 then	 penetrated	 the	 cell	 walls	 directly	 to	 grow	 inside	 and	 outside	 the	 cells.	 Fungal	
spores	were	produced	in	the	root	system	and	rhizome	of	susceptible	cultivars	but	no	spores	
and	no	hyphae	were	found	attached	to	the	roots	of	resistant	or	tolerant	banana	cultivars.	
This	suggested	that	the	roots	of	resistant	bananas	cultivars	may	have	the	ability	to	prevent	
attachment,	 spore	germination	or	maybe	 lethal	 to	 the	 fungus	 (Yang	 et	al.,	 2007;	 Li	 et	al.,	
2011).	 Except	 for	 some	 preliminary	 studies	 on	 Foc	 race	 1-‘Gros	 Michel’	 interactions	
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(Wardlaw,	1930;	Beckman,	1990)	and	some	work	done	with	the	beneficial	plant-pathogen	
interaction	of	endophytes	(Daneshkhah	et	al.,	2013),	the	physical	and	molecular	interactions	
of	 Foc	 race	 1	 and	 its	 susceptible	 hosts	 are	 poorly	 understood.	 Further,	 although	 Foc	 is	
believed	to	be	a	necrotrophic	pathogen,	there	is	still	some	debate	about	the	existence	of	an	
initial	biotrophic	phase	in	its	life	cycle.	The	knowledge	gap	related	to	the	physical	interaction	
between	 Foc	 race	1	 and	 the	 susceptible	 ‘Lady	 Finger’	 cultivar	 needs	 to	be	 addressed	 and	
detailed	microscopic	studies	during	the	infection	process,	highlithing	fungal	growth	phases	
and	subsequent	host	cells	reaction	could	shade	some	lights	on	these	important	aspects.	
	
The	activation	of	cell	death	during	fungal	infection	and	the	understanding	of	the	nature	of	
this	 process	 (necrotic	 or	 apoptotic?)	 can	 be	 done	 using	 confocal	microscopy.	 Preliminary	
work	 demonstrating	 PCD	 following	 banana	 roots	 inoculation	with	 Foc	 race	 1	 (Paul	 et	 al.,	
2011),	 no	 detailed	 investigation	 related	 to	 this	 aspect	 has	 been	 reported.	 Further	 studies	
using	 untransformed	 susceptible	 lines	 and	 PCD	 inhibitor	 transgenic	 lines	 resistant	 to	 Foc	
race	 1	 might	 shed	 some	 light	 on	 this	 aspect	 of	 Foc-banana	 interaction.	 Terminal	
deoxynucleotidyl	transferase	dUTP	nick	end	labelling	(TUNEL	assay),	and	microscopic	studies	
have	been	successfully	used	to	document	PCD	during	Fusarium	interactions	with	host	cells	
in	other	crops	(Dow	and	Davies,	2006;	Paul	et	al.,	2011).	
	
1.6 Research	problem,	aim	and	objectives	
Fusarium	 oxysporum	 f.	 sp.	 cubense	 is	 a	 major	 fungal	 pathogen	 of	 banana	 worldwide	 for	
which	there	is	no	effective	control	measures	available.	Therefore,	genetic	resistance	is	now	
recognised	 as	 the	 only	 sustainable	 solution	 to	 prevent	 further	 spread	 of	 the	 disease.	 As	
such,	 the	 development	 of	 effective	 resistance	 strategies	 is	 a	major	 focus	 of	 research	 and	
development	programs	in	banana.	Although	resistance	genes	are	available	from	numerous	
banana	varieties,	the	sterile	nature	of	commercially	acceptable	banana	cultivars	 is	a	major	
limitation	to	a	conventional	breeding	approach.	Genetic	modification	of	preferred	cultivars	
is	therefore	a	more	practical	approach.	
	
Anti-apoptosis	genes	of	animal	origin	have	shown	early	promise	as	effective	transgenes	to	
confer	 resistance	 to	 a	 diverse	 range	 of	 necrotrophic	 pathogens	 in	 various	 plant	 species	
including	 tobacco	 and	 tomato	 (Dickman	 et	 al.,	 2001;	 Lincoln	 et	 al.,	 2002).	More	 recently	
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their	effectiveness	against	Foc	race	1	in	‘Lady	Finger’	banana	has	clearly	been	demonstrated	
(Paul	et	al.,	2011).	However,	the	use	of	animal-derived	genes	was	a	major	limitation	to	this	
otherwise	viable	strategy.	Therefore,	 in	the	present	study,	transgenic	 ‘Lady	Finger’	banana	
plants	harbouring	a	selection	of	plant-	and	virus-derived	anti-PCD	genes	were	assessed	for	
their	ability	to	confer	resistance	against	Foc	race	1.	This	was	achieved	through	the	following	
objectives:	
	
1. To	evaluate	transgenic	‘Lady	Finger’	bananas	for	resistance	against	Foc	race	1.	
2. To	 develop	 and	 optimise	 an	 in-vitro	 assay	 for	 the	 rapid	 screening	 of	 transgenic	 lines	
against	Foc	race	1.	
3. To	 detect	 and	 quantify	 Foc	 race	 1	 in	 infected	 transgenic	 and	 wild-type	 ‘Lady	 Finger’	
banana	plants	using	RT-qPCR	and	microscopy.	
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Chapter	2	-	General	Materials	and	Methods	
	
2.1 General	materials	
2.1.1 Sources	of	specialised	reagents	
All	 general	 laboratory	 reagents	were	 obtained	 from	 scientific	 supply	 companies	 including	
Sigma	(Aus)	and	Crown	Scientific	 (Aus).	Agarose	was	supplied	by	Roche	Diagnostics	 (USA),	
while	 bacterial	 agar	was	 purchased	 from	Oxoid	 (Aus).	 All	 DNA	molecular	weight	markers,	
reagents	for	PCR	and	RT-PCR,	and	modifying	and	restriction	enzymes	were	purchased	from	
Roche	Diagnostics	(Aus),	New	England	Biolabs	(USA),	Invitrogen	(Aus)	or	Promega	(Aus).	All	
primers	used	in	the	study	were	purchased	from	GeneWorks	(Aus).	Nucleic	acid	purification	
kits	 were	 purchased	 from	 Roche	 Diagnostics	 (Aus),	 Promega	 (Aus)	 or	 QIAGEN	 (Aus).	 All	
fixatives,	cassettes,	slides	and	coverslips	used	in	histology	work	were	purchased	from	Fisher	
Scientific	(Aus).	Finally,	all	RT-qPCR	reagents	used	were	purchased	from	Promega	(Aus).	
	
2.2 General	solutions	
2.2.1 Media	and	solutions	for	nucleic	acid	amplification,	cloning	and	sequencing	
Agarose	gel	loading	dye	(6X):	0.25%	(w/v)	bromophenol	blue,	50%	TE,	50%	glycerol	
IPTG:	isopropyl-β-D-thioglactopyranoside,	prepared	as	0.1	M	in	sterile	dH20	
LB	media	(liquid):	1%	(w/v),	bacto-tryptone,	0.5%	(w/v)	bacto-yeast	extract,	170	mM	NaCl	
LB	agar:	LB	liquid	media	solidified	with	1.5%	bacto-agar	
PBS:	137	mM	NaCl,	10	mM	phosphate	buffer	(10	mM	Na2HPO4	and	1.8	mM	KH2PO4)	
SOB:	2%	(w/v)	bacto-tryptone,	0.5%	(w/v)	yeast	extract,	10	mM	NaCl,	2.5	mM	KCl,	10	mM	
MgCl2,	10	mM	MgSO4,	pH6.7-7.0	
SOC	medium:	2%	bacto-tryptone,	0.5%	bacto-yeast	extract,	10	mM	NaCl,	2.5	mM	KCl,	20	
mM	Mg2+	stock	(for	100	mL:	20.3g	MgCl2.6H20,	24.7	g	MgSO4.7H20)	
TAE	Buffer	(1X):	10	mM	Tris-acetate,	0.5	mM	EDTA,	pH7.8	
X-Gal:	5-bromo-4-chloro-3-indoly-β-D-galactopyranoside,	2%(w/v)	prepared	in	
dimethylformamide	
X-Gluc:	5-bromo-4-chloro-3-indolyl-β-D-glucuronide-cyclohexylamine	salt	
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2.2.2 Media	and	solutions	for	plant	nucleic	acid	extraction	
CHCl3:	IAA:	chloroform	and	isoamyl	alcohol	at	a	ratio	of	24:	1	
CTAB	 Buffer	 (DNA):	 2%	 CTAB,	 2	M	 NaCl,	 25	 mM	 EDTA,	 pH8,	 100	 mM	 Tris-HCl	 pH8,	 2%	
polyvinylpyrrolidone	(PVP	MW	40000)	
RNA	Extraction	Buffer:	150	mM	Tris	base,	2%	(w/v)	SDS,	1%	(v/v)	2-mercaptoethanol,	100	
mM	EDTA	(pH7.5,	adjusted	with	saturated	boric	acid)	
TE	Buffer:	10	mM	Tris-HCl,	pH8.0,	1	mM	EDTA	
	
2.2.3 Media	and	solutions	for	Southern	analysis	
Denaturation	solution:	0.5	M	NaOH,	1.5	M	NaCl	
Depurination	solution:	0.25	M	HCl	
High	stringency	buffer:	0.1	x	SSC,	0.1	%	SDS	
Low	stringency	buffer:	2	x	SSC,	0.1%	SDS	
Maleic	acid	buffer:	0.1	M	maleic	acid,	0.15	M	NaCl,	pH7.5	
Neutralization	solution:	0.5	M	Tris-HCl,	pH7.0,	1.5	M	NaCl,	1	mM	EDTA	
SSC	(20X)	solution:	300	mM	sodium	citrate,	3	M	NaCl,	pH7.5	
Washing	buffer:	0.1	M	maleic	acid,	0.15	M	NaCl,	pH7.5,	0.3%	(v/v)	Tween	20	
	
2.3 General	methods	
This	 research	was	 conducted	 in	 the	 Centre	 for	 Tropical	 Crops	 and	Biocommodities	 at	 the	
Queensland	 University	 of	 Technology	 (QUT).	 Prior	 to	 the	 commencement	 of	 this	 project,	
embryogenic	cell	suspensions	(ECS)	of	the	‘Lady	Finger’	cultivar	were	transformed	with	ten	
anti-PCD	 genes	 using	 an	 Agrobacterium-mediated	 technique	 developed	 by	 our	 group	
(Khanna	et	al.,	2004).	The	expression	of	all	the	transgenes	used	for	this	study	was	controlled	
by	 the	 constitutive	 maize	 polyubiquitin	 (Ubi)	 promoter.	 The	 transgenes	 included	 AtBag4	
from	Arabidopsis	 thaliana,	OsBag4	 from	Oryza	 sativa	 (rice),	Hsp70	and	Hsp90	 from	Citrus	
tristeza	 virus,	 AtBag4+Hsp70	 in	 combination,	 AtBI-1	 from	 A.	 thaliana,	 Sf-iap	 from	
Spodoptera	 frugiperda	 (fall	 armyworm),	 p35	 from	 Autographa	 californica	
nucleopolyhedrovirus	 (insect	 virus),	Ced-9	 from	Caenorhabditis	 elegans	 (nematode)	 and	 a	
banana	codon-optimised	version	of	Ced-9	named	mCed-9.	
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Common	molecular	techniques	were	carried	out	essentially	as	described	by	Sambrook	and	
Russell	 (2001)	 or	 according	 to	 manufacturer’s	 instructions.	 Protocols,	 which	 were	
significantly	 altered	 from	 their	 published	 form,	 are	 described	 below,	 while	 specific	
conditions	about	these	methods	are	described	within	the	respective	chapters.	
	
2.3.1 Nucleic	acid	extraction	and	purification	
2.3.1.1 Genomic	DNA	extraction	from	plant	tissues	
Total	 genomic	DNA	was	 isolated	 from	banana	 leaf	 tissue	 using	 a	modified	 CTAB	 protocol	
(Stewart	 and	Via,	 1993).	 Approximately	 100mg	of	 frozen	 leaf	 tissue	was	 ground	 to	 a	 fine	
powder	with	a	3	mm	lead	shot	using	a	TissueLyser	II	(QIAGEN)	at	30	rpm	for	1	min	in	a	2	mL	
cryovial.	 The	 homogenised	 sample	 was	 mixed	 with	 0.5	 mL	 of	 pre-warmed	 (65°C)	 CTAB	
buffer	containing	2%	β-mercaptoethanol	and	incubated	at	65°C	for	1	h	with	shaking	every	
15	min.	 The	mixture	 was	 then	 centrifuged	 for	 10	min	 at	 18,000	 g	 using	 a	Microfuge	 18	
(Beckman	 Coulter).	 Total	 DNA	was	 purified	 by	 two	 CHCl3:	 IAA	 (24:1,	 v:v)	 extractions	 and	
contaminating	 RNA	 removed	 by	 digestion	 with	 5	 µL	 of	 RNase	 (1µg/mL)	 for	 1h	 at	 37°C.	
Following	a	final	CHCl3:	IAA	extraction,	DNA	was	precipitated	by	addition	of	an	equal	volume	
of	ice	cold	isopropanol	and	pelleted	by	centrifugation	at	18,000	g	for	10	min.	The	DNA	pellet	
was	washed	with	1	mL	of	ice	cold	70%	ethanol	followed	by	a	5	min	centrifugation	at	18,000	
g,	 dried	 under	 vacuum	 for	 10	 min	 and	 resuspended	 in	 50	 µL	 of	 dH2O.	 DNA	 purity	 and	
concentration	was	estimated	by	electrophoresis	and	using	 the	A260/A280	absorbance	 ratios	
measured	with	a	NanoDrop	2000c	UV-Vis	Spectrophotometer	(Thermo	Scientific).	Samples	
with	absorbance	ratios	(A260/A280)	of	~	1.8	were	stored	at	-	80°C	for	subsequent	use.	
	
2.3.1.2 Total	RNA	extraction	from	plant	tissues	
Total	 RNA	 was	 isolated	 from	 banana	 leaf	 tissue	 according	 to	 a	 protocol	 adapted	 from	
(Valderrama-Cháirez	et	al.,	2002).	All	solutions	used	during	the	extraction	procedure	were	
treated	with	 DEPC	 to	 remove	 contaminating	 RNase,	 and	 RNA-free	 filtered	 tips	 (Quantum	
Scientific,	 Aus.)	 were	 used	 throughout	 the	 process.	 Approximately	 100	mg	 of	 frozen	 leaf	
tissue	in	a	2	mL	cryovial	was	ground	with	a	3	mm	lead	shot	using	a	TissueLyser	II	(QIAGEN)	
at	full	speed	for	15	sec.	This	process	was	repeated	3	times	after	which	a	fine	powder	was	
obtained	(samples	were	dipped	 in	 liquid	nitrogen	 in	between).	RNA	extraction	buffer	 (800	
μL)	 was	 then	 added	 and	 each	 sample	 mixed	 thoroughly	 for	 30	 sec	 at	 full	 speed	 on	 the	
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TissueLyser	II	(QIAGEN).	The	crude	lysate	was	centrifuged	at	18,000	g	for	5	min	to	separate	
the	plant	debris	and	the	clear	 lysate	transferred	 into	a	new	2	mL	cryovial.	Polysaccharides	
were	precipitated	by	the	addition	of	88	μL	of	5	M	potassium	acetate	and	200	μL	of	absolute	
ethanol	 followed	by	a	1	min	vortex	mix	and	centrifugation	at	18,000	g	 for	5	min.	The	top	
layer	(900	μL)	was	transferred	into	a	new	2	mL	cryovial	and	extracted	with	the	addition	of	
900	μL	of	CHCl3:IAA	(49:1,	v:v),	thorough	mixing	for	30	sec	at	full	speed	on	the	TissueLyser	II	
(QIAGEN)	 and	 centrifugation	 at	 18,000	 g	 for	 5	min.	 The	 top	 aqueous	 layer	 (800	 μL)	 was	
transferred	 into	 a	 new	 2	 mL	 cryovial	 and	 the	 extraction	 process	 with	 CHCl3:	 IAA	 was	
repeated	 another	 2	 times	 with	 800	 μL	 and	 finally	 700	 μL.	 The	 top	 layer	 (500	 μL)	 was	
transferred	to	a	new	1.5	mL	tube	before	the	addition	of	167	μL	of	12	M	lithium	chloride	to	
precipitate	 the	RNA	overnight	at	 -	20°C.	Total	RNA	was	pelleted	at	20,000	g	 at	4°C	 for	45	
min,	washed	with	1	mL	of	70%	(v/v)	ethanol	and	dried	under	vacuum	for	10	min.	The	pellet	
was	 resuspended	 in	 50	 μL	 of	 RNase-free	 water	 and	 its	 concentration	 determined	 with	 a	
NanoDrop	2000c	UV-Vis	Spectrophotometer	 (Thermo	Scientific).	Samples	with	absorbance	
ratios	(A260/A280)	of	~	2	were	stored	at	-	80°C	for	subsequent	use.	Three	micrograms	of	total	
RNA	were	 treated	with	DNase	 I	 to	 remove	any	contaminating	gDNA	using	an	RQ1	RNase-
free	DNase	kit	(Promega)	according	to	manufacturer’s	instructions.	
	
2.3.1.3 Isolation	and	purification	of	plasmid	DNA	
Plasmid	DNA	was	isolated	from	overnight	cultures	of	E.	coli	using	either	a	modified	alkaline	
lysis	protocol	(Sambrook	and	Russell,	2001)	or	a	Wizard®	Plus	SV	Minipreps	DNA	Purification	
Systems	 (Promega).	 For	 the	 alkaline	 lysis	 protocol	 a	 2	 mL	 aliquot	 of	 the	 culture	 was	
centrifuged	at	18,000	g	for	1	min	in	a	Microfuge	18	(Beckman	Coulter)	at	room	temperature	
and	the	pellet	 resuspended	 in	150	µL	of	cold	solution	1	 (50	mM	glucose,	25	mM	Tris-HCL	
pH8.0,	10	mM	EDTA)	 containing	2	µL	of	RNase	A	 (10	mg/mL).	Bacteria	were	 lysed	by	 the	
addition	 of	 300	 µL	 of	 solution	 2	 (0.2	 M	 NaOH,	 1%	 SDS)	 and	 mixed	 by	 gentle	 inversion.	
Chromosomal	DNA	and	proteins	were	precipitated	on	ice	with	the	addition	of	225	µL	of	cold	
solution	3	(3	M	sodium	acetate,	pH4.7).	Plasmid	DNA	was	separated	from	the	precipitated	
contaminants	by	centrifugation	at	18,000	g	 for	5	min.	The	supernatant	was	collected	 in	a	
fresh	 tube	 and	 extracted	 with	 an	 equal	 volume	 of	 CHCl3:	 IAA	 (24:1,	 v:v).	 Following	
centrifugation	 at	 18,000	 g	 for	 5	 min,	 the	 supernatant	 was	 collected	 in	 a	 fresh	 tube	 and	
plasmid	DNA	precipitated	with	the	addition	of	an	equal	volume	of	isopropanol	followed	by	
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centrifugation	for	5	min	at	18,000	g.	DNA	pellets	were	washed	with	cold	70%	ethanol	and	
resuspended	 in	 50-100	 µL	 of	 dH2O.	 Plasmid	 DNA	 to	 be	 sequenced	 was	 isolated	 using	
Wizard®	Plus	SV	Minipreps	DNA	Purification	Systems	(Promega)	according	to	manufacturer’s	
instructions.	 The	 quality	 and	 quantity	 of	 the	 purified	 plasmid	 DNA	 was	 determined	 by	
electrophoresis	 through	 a	 1%	 agarose	 gel	 and	 by	 spectrophotometry	 using	 a	 NanoDrop	
2000	UV-Vis	Spectrophotometer	(Thermo	Scientific)	where	samples	with	absorbance	ratios	
(A260/A280)	of	~	1.8	were	kept	for	further	analysis.	
	
2.3.2 Oligodeoxyribonucleotide	synthesis	
Oligonucleotides	were	synthesised	by	GeneWorks	Pty	Ltd	at	a	concentration	of	100	µM.	All	
primers	were	diluted	to	a	working	stock	concentration	of	10	µM.	
	
2.3.3 Nucleic	acid	amplification	and	quantification	
2.3.3.1 Polymerase	chain	reaction	(PCR)	
Unless	otherwise	stated	all	PCR	mixes	(20	μL)	contained	0.5	ng	of	gDNA	or	200	ng	of	plasmid	
DNA	template,	10	μL	of	GoTaq®	Green	Master	Mix	 (Promega)	and	5	ρmol	of	each	primer.	
PCRs	 were	 performed	 in	 a	 DNA	 Engine®	 Thermal	 Cycler	 (Bio-Rad)	 with	 an	 initial	
denaturation	 at	 95°C	 for	 2	min	 followed	by	 35	 cycles	 of	 denaturation	 at	 95°C	 for	 30	 sec,	
annealing	at	55°C	for	30	sec	and	extension	at	72°C	for	1	min	with	final	5	min	extension	step	
at	72°C.	
	
2.3.3.2 Complementary	DNA	(cDNA)	synthesis	and	reverse	transcription	PCR	(RT-PCR)	
RT-PCRs	were	 done	 using	 transgene	 specific	 cDNA	 as	 template.	 One	microgram	 of	 DNase-
treated	 RNA	 (section	 2.3.1.2)	 was	 reverse-transcribed	 into	 cDNA	 using	 the	 M-MLV	 cDNA	
synthesis	 kit	 (Promega)	 following	 the	manufacturer’s	 instructions	 and	 using	 gene-specific	
primers.	 Briefly,	 the	 reactions	 were	 made	 in	 2	 separate	 Master	 Mixes	 (MM).	 MM1	
contained	0.2	mM	dNTPs	 (Roche),	2.5	µL	DTT	solution,	20	ρmol	of	each	primer,	1	µg	RNA	
extract	 template	 (2	µL)	and	dH2O	to	a	 final	volume	of	20	µL.	MM1	was	then	 incubated	at	
68°C	for	2	min	and	quenched	on	ice	for	one	minute	before	the	addition	of	20	µL	of	MM2.	
MM2	contained	1	×	RT-PCR	buffer,	1	µL	RT-PCR	enzyme	mix,	10	U	Protector	RNase	Inhibitor	
(Roche)	and	dH2O	to	a	final	volume	of	20	µL.	The	final	mixture	was	incubated	for	1	h	at	55°C	
in	a	DNA	Engine®	Thermal	Cycler	(Bio-Rad),	followed	by	inactivation	of	reverse	transcriptase	
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at	85°C	 for	5	min.	The	 reaction	products	were	 incubated	on	 ice	 for	3	min	and	stored	at	 -	
80°C	for	later	use.	Following	cDNA	synthesis	and	for	RT-PCR,	cDNA	was	used	as	template	in	
PCR	reactions	using	GoTaq®	Green	Master	Mix	(Promega)	as	described	in	section	2.3.3.1.	
	
2.3.3.3 Real-time	quantitative	PCR	(RT-qPCR)	
2.3.3.3.1 Selection	and	validation	of	reference	genes	for	RT-qPCR	
Prior	to	the	quantification	of	selected	genes	of	interest	(GOIs),	expression	levels	of	potential	
reference	 genes	 were	 analysed.	 The	 amplification	 efficiencies	 (E)	 of	 potential	 reference	
gene	primer	pairs	were	assessed	using	a	7-point	doubling	dilution	series	of	each	cDNA.	RT-
qPCR	 reactions	 consisted	 of	 5	 μL	 of	 diluted	 cDNA	 (1/5),	 0.2	 μM	 of	 each	 primer	 and	 1	 X	
GoTaq®	qPCR	Master	Mix	(Promega)	in	a	total	volume	of	20	μL.	Reactions	were	performed	
using	a	Rotor-Gene	Q	real-time	PCR	System	(Qiagen).	Reaction	conditions	were	50°C	for	2	
min,	an	initial	denaturing	step	for	95°C	for	2	min,	followed	by	40	cycles	of	95°C	for	15	sec,	
60°C	for	30	sec,	72°C	for	5	sec	and	82°C	for	5	sec.	Fluorescence	was	detected	at	470	nm	and	
recorded	 in	 real	 time.	 PCR	 product	 melt	 curves	 were	 analysed	 between	 72-99°C.	 All	
reactions	 were	 performed	 in	 triplicate	 while	 no-template	 (NTC)	 and	 RT	 controls	 (cDNA	
synthesis	reaction	without	reverse	transcriptase)	were	included	for	every	set	of	primers	to	
check	reagent	contamination	or	presence	of	any	template	gDNA,	respectively.	A	calibrator	
control	was	included	in	every	run	to	monitor	machine	consistency	and	run-to-run	variation.	
	
The	amplification	efficiencies	of	the	reference	gene	and	GOI	primers	designed	for	RT-qPCR	
analysis	were	compared.	Only	GOI	primer	pairs	with	equal	amplification	efficiencies	to	the	
selected	reference	genes	were	used,	enabling	gene	quantification	by	the	2-ΔΔCt	method.	The	
most	stable	reference	genes	were	then	selected	by	RT-qPCR	using	the	statistical	algorithms	
geNorm,	 which	 evaluates	 the	 expression	 stability	 (M)	 value	 of	 each	 reference	 gene	 and	
ranks	 them.	 The	 cut-off	M	value	 for	 a	 stable	 gene	 is	 1.5	with	 a	 lower	M	value	 indicating	
more	stable	gene	expression.	
	
2.3.3.3.2 Real-time	calibrator	preparation	and	application	
The	pYC2	plasmid	containing	the	35S-gfp+Ubi-AtBag4	expression	cassettes	 (Table	3.1)	was	
used	as	a	calibrator	to	assess	RT-qPCR	run-to-run	variations.	Serial	dilutions	of	the	plasmid	
were	 tested	 in	 RT-qPCR	 reactions	 to	 determine	 a	 dilution	 with	 a	 cycle	 threshold	 (CT)	
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between	 20	 and	 25	 using	 AtBag4-specific	 primers,	 the	 diluted	 stock	 was	 aliquoted	 and	
stored	at	-80°C	until	required.	When	needed,	one	tube	of	the	calibrator	premix	was	thawed	
on	ice	and	used	as	template	into	20	μL	RT-qPCR	reactions	and	distributed	into	reaction	wells	
in	 triplicate	 in	 every	 run.	 Variations	 in	 the	 calibrator	 results	 were	 recorded	 to	 monitor	
instrument	deviation.	
	
2.3.3.3.3 Transgene	specific	RT-qPCR	reactions	
Quantitative	 amplification	 of	 selected	 reference	 genes	 and	 GOIs	 were	 carried	 out	 in	
triplicate	reactions	as	described	in	section	2.3.3.3.1	using	template	cDNA	diluted	1:5	(v/v)	in	
RNase-free,	DNase-free	water	(Promega).	All	primer	sets	included	a	NTC	and	each	separate	
run	included	a	calibrator	in	triplicate.	A	RT	control	was	also	included	for	every	new	batch	of	
cDNA	synthesised.	All	RT-qPCR	products	were	electrophoresed	through	a	2%	agarose	gel	to	
verify	 their	 sizes	 and	 specificities	 in	 addition	 to	 analysis	 of	 product	 melt	 curves.	 Raw	
fluorescence	data	were	analysed	using	the	Rotor-Gene	Q	Series	Software	v1.7	(Qiagen).	CT	
values	for	the	selected	reference	genes,	the	internal	calibrator	reactions	and	the	GOIs	were	
exported	 to	 Excel®	 (Microsoft)	 for	 further	 analysis.	Gene	 expression	 for	 each	 sample	was	
calculated	 using	 the	 2-ΔΔCtmethod	 where	 ΔΔCT	 =	 [(CT	 gene	 of	 interest	 -	 CT	 internal	
control)treated	-	(CT	gene	of	interest	-	CT	internal	control)untreated].	
	
2.3.3.3.4 Absolute	quantification	of	fungal	DNA	load	in-planta	using	RT-qPCR	
For	the	quantification	of	Foc	race	1	 in-planta,	an	absolute	quantification	method	was	used	
to	 determine	 the	 exact	 number	 of	 Foc	 race	 1-genome	 copies	 present	 in	 each	 inoculated	
sample.	To	do	this,	a	carefully	designed	and	optimised	standard	curve	needed	to	be	created	
to	assign	quantities	to	each	unknown	sample.	Specific	details	are	provided	in	section	5.2.8.			
	
2.3.4 Nucleic	acid	manipulation	
2.3.4.1 Digestion	with	restriction	enzymes	
Plasmid	 DNA	 (up	 to	 1	 µg)	 and	 plant	 gDNA	 (10	 µg)	 were	 incubated	 with	 the	 appropriate	
restriction	 endonuclease	 (between	 5-10	 U)	 and	 specific	 buffer	 at	 37°C	 for	 1	 or	 16	 h,	
respectively.	
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2.3.4.2 Agarose	gel	electrophoresis	
Unless	otherwise	stated,	separation	of	nucleic	acid	was	carried	out	in	1.5%	agarose	gels	(for	
DNA)	or	2%	agarose	(for	RNA	or	DNA	fragments	less	than	500	bp)	in	1	X	TAE	electrophoresis	
buffer	supplemented	with	SYBR®	Safe	DNA	Gel	Stain	(Life	Technologies).	With	the	exception	
of	PCR	reactions	performed	with	GoTaq®	Green	Master	Mix	(Promega),	6x	gel	loading	buffer	
was	added	to	all	samples	before	loading	onto	agarose	gels.	Samples	were	electrophoresed	
for	 45	min	 at	 110	V	 after	which	 gels	were	 visualised	 using	 a	 Safe	 Imager™	2.0	 Blue-Light	
Transilluminator	(Life	Technologies).	
	
2.3.4.3 Purification	of	DNA	from	agarose	gels	
After	separation	on	agarose	gels,	DNA	fragments	of	interest	were	excised	from	the	agarose	
gel	 using	 a	 sterile	 scalpel	 blade	 and	 were	 purified	 using	 a	 Quantum	 PrepTM	 Freeze	 ‘N	
Squeeze	 DNA	 Gel	 Extraction	 Spin	 Columns	 (Bio-Rad)	 following	 the	 manufacturer’s	
instructions.		
	
2.3.4.4 Ligation	of	DNA	fragments	
Unless	 otherwise	 stated,	 all	 ligation	 reactions	were	 done	 using	 the	 pGEM®-T	 Easy	 vector	
system	(Promega).	Each	10	µL	ligation	reaction	containing	4	µL	of	purified	DNA	fragments,	
0.5	µL	of	vector	DNA,	2X	ligation	buffer	and	1	U	of	T	4	DNA	ligase	was	incubated	overnight	
at	4°C.	
	
2.3.4.5 DNA	sequencing	
Following	PCRs	and	cloning	into	pGEM®-T	Easy,	the	identities	of	DNA	inserts	were	confirmed	by	
DNA	 sequencing.	 All	 sequencing	 reactions	 were	 performed	 using	 the	 BigDye®	 Terminator	
v3.1	 Cycle	 Sequencing	 Kit	 (Applied	 Biosystems)	 and	 contained	 200	 ng	 of	 purified	 plasmid	
DNA	template,	3.2	ρmol	of	M13	primer,	1X	sequencing	buffer	and	3.5	µL	of	BigDye®	ready	
mix	in	a	final	volume	of	20	µL.	All	sequencing	PCRs	used	an	initial	denaturation	of	96°C	for	1	
min	followed	by	30	cycles	of	96°C	for	10	sec,	50°C	for	5	sec	and	60°C	for	4	min.	Following	
PCR	 amplification,	 extension	 products	 were	 precipitated	 by	 the	 addition	 of	 2	 µL	 of	 3	 M	
Sodium	acetate	(pH5.2),	2	µL	of	125	mM	EDTA	(pH8)	and	50	µL	of	100%	ethanol.	After	30	
min	incubation	at	room	temperature,	extension	products	were	pelleted	by	centrifugation	at	
10,000	g	for	20	min.	Pellets	were	washed	with	500	µL	of	cold	70%	ethanol	and	centrifuged	
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an	additional	5	min	at	10,000	g.	DNA	pellets	were	dried	under	vacuum	for	10	min	and	DNA	
sequences	were	 analysed	by	 capillary	 electrophoresis	 at	 the	Molecular	Genetics	Research	
Facility,	QUT	and	DNA	sequencing	files	retuned	in	Applied	Biosystems	(ABI)	file	format.	
	
2.3.5 Southern	blot	analysis	
Banana	 genomic	 DNA	 (10	 µg)	was	 digested	 for	 24	 h	 at	 37°C	with	 the	 restriction	 enzyme	
EcoR1.	 Following	digestion,	 the	DNA	was	 electrophoresed	 through	 a	 0.8%	agarose	 gels	 in	
TAE	buffer	at	45	V	for	5	h.	Prior	to	blotting,	agarose	gels	were	prepared	for	DNA	transfer	by	
incubation	in	depurination	solution	for	10	min,	followed	by	denaturation	solution	for	30	min	
and	 lastly	 twice	 in	 neutralisation	 solutionfor	 30	min.	 Gels	 were	 rinsed	 in	 double	 distilled	
water	 after	 each	 treatment	 and	 finally	 blotted	 onto	 a	 nylon	 membrane	 (Hybond	 N+,	
Amersham	 Pharmacia,	 UK)	 using	 capillary	 action	 in	 20	 X	 SSC	 buffer	 overnight	 (Southern,	
1975).	 Following	 transfer,	membranes	were	washed	 twice	 in	 2	 X	 SSC	 buffer	 for	 5	min	 to	
remove	excess	salt	and	then	baked	for	2	h	at	80°C	under	800	kPa	vacuum	pressure	prior	to	
hybridisation.	
	
2.3.5.1 Synthesis	of	digoxigenin	(DIG)-labeled	nucleic	acid	probes	
Probes	for	hybridisation	were	synthesised	by	PCR	to	incorporate	DIG-11-dUTP	(digoygenin-
11-2’-deoxy-uridine-5’-triphosphate;	Roche)	at	a	ratio	of	3:1	(dTTP:dUTP).	The	10	X	DIG	mix	
(3:1)	(2	mM)	contained	0.7	mM	DIG-11-dUTP,	1.3	mM	dTTP	and	2	mM	of	each	dATP,	dCTP	
and	dGTP	 (Roche).	DIG-labelled	PCR	products	were	 electrophoresed	 through	 agarose	 gels	
and	purified	using	a	High	Pure	PCR	Product	Purification	Kit	(Roche).	All	probes	were	eluted	
twice	 in	a	 final	volume	of	50	µL,	of	which	10	µL	was	diluted	1	 in	5	 in	dH2O,	denatured	by	
boiling	for	5	min	and	chilled	on	ice	for	5	min	prior	to	use.	
	
2.3.5.2 Pre-hybridisation,	hybridisation	and	signal	detection	
The	nylon	membranes	were	pre-hybridised	in	14	mL	of	Dig	Easy	Hyb	solution	(Roche)	using	a	
Shake	 and	 Stack	 Rotisserie	 oven	 at	 42°C	 for	 1	 h	 and	 then	 hybridised	with	 a	 digoxigenin-
labeled	 PCR	 probe	 overnight	 at	 42°C.	 The	 hybridised	 membranes	 were	 washed	 twice	 at	
room	temperature	with	 low	stringency	buffer	and	then	twice	at	68°C	with	high	stringency	
buffer.	Thereafter,	membranes	were	rinsed	in	washing	buffer	supplemented	with	tween	20	
and	blocked	in	maleic	acid	buffer	containing	3%	(w/v)	skim	milk	powder.	Immediately	after	
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removing	 the	blocking	 solution,	 the	membranes	were	 incubated	 in	diluted	mouse-derived	
anti-DIG	antibody	(Roche)	in	maleic	buffer	supplemented	with	3%	skim	milk	powder	for	30	
min.		The	membranes	were	then	washed	twice	in	washing	buffer	for	15	min	to	remove	the	
unbound	 probe.	 Membranes	 were	 equilibrated	 in	 detection	 buffer	 for	 5	 min	 prior	 to	
detection.	 Detection	 was	 done	 using	 CDP-star	 (Roche)	 according	 to	 the	 manufacturer’s	
instructions.	 X-ray	 films	 (AGFA)	were	 exposed	 between	 15	min	 and	 1	 h	 until	 the	 desired	
signal	was	achieved	and	developed	manually.	
	
2.3.6 Bacterial	work	
2.3.6.1	Preparation	of	chemically	competent	Escherichia	coli	
E.	coli	strain	XLI-Blue	(Stratagene)	was	used	for	all	general	plasmid	cloning.	Cells	were	made	
chemically	competent	essentially	as	previously	described	(Frey	et	al.,	2007;	Kim	et	al.,	2015).	
A	 single	 colony	 was	 inoculated	 into	 3	 mL	 of	 LB	 liquid	 media	 containing	 tetracycline	 (15	
µg/mL)	and	incubated	overnight	at	37°C	with	shaking.	Following	incubation,	a	2	mL	aliquot	
was	incubated	into	240	mL	SOB,	and	incubated	at	18°C	for	a	further	40	h	with	shaking.	Once	
optimal	growth	was	obtained	(OD600nm	=	0.6),	cultures	were	centrifuged	using	a	JA-10	rotor	
(Beckman	Coulter)	at	2,500	g	 for	10	min.	Cell	pellets	were	washed	 in	80	mL	of	pre-chilled	
transformation	buffer	(TB)	and	incubated	on	ice	for	10	min.	This	was	repeated	a	further	two	
times	and	 the	 final	pellet	 resuspended	 in	20	mL	of	 ice	 cold	TB.	 Finally,	 cells	were	 treated	
with	 DMSO	 (final	 concentration	 of	 7%)	 and	 incubated	 on	 ice	 for	 10	 min.	 Cells	 were	
dispensed	into	100	µL	aliquots,	snap	frozen	with	liquid	nitrogen	and	stored	at	-	80°C.	
	
2.3.6.2 Bacterial	transformation	
Chemically	competent	E.	coli	XL1	Blue	cells	were	transformed	by	heat	shock.	Approximately	
1	ng	of	plasmid	or	10	µL	of	ligation	reaction	was	mixed	with	50	µL	of	competent	E.coli	cells	
and	incubated	on	ice	for	30	min.	Cells	were	heat	shocked	at	42°C	for	90	sec,	returned	to	ice	
for	2	min,	resuspended	in	1	mL	SOC	and	incubated	at	37°C	for	1	h	with	shaking.	Following	
resuscitation,	 cell	 cultures	were	 pulse	 spin,	 960	 µL	 of	 supernatant	was	 removed	 and	 the	
remaining	100	µL	of	media	was	used	to	resuspend	the	cells	which	were	then	spread	on	LB	
agar	plates	containing	the	appropriate	antibiotics	and	incubated	at	37°C	overnight.	
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2.3.6.3 Growth	of	bacteria	in	liquid	cultures	
E.	coli	cultures	were	initiated	from	either	a	single	colony	or	100	µL	of	glycerol	stock	(when	
available)	and	inoculated	into	3	mL	of	liquid	LB	media	containing	the	appropriate	antibiotics.	
E.	coli	liquid	cultures	were	incubated	at	37°C	for	up	to	16	h	or	overnight	with	shaking.	
	
2.3.6.4 Preparation	of	bacterial	glycerol	stocks	
Bacterial	glycerol	stocks	were	prepared	by	mixing,	in	a	cryovial,	500	µL	of	overnight	bacterial	
culture	with	500	µL	of	 sterile	100%	glycerol.	Cryovials	were	 snap-frozen	 in	 liquid	nitrogen	
and	stored	at	-80°C.	
	
2.4 General	plant	tissue	culture	
2.4.1 Multiplication	and	rooting	of	banana	plantlets	
Plants	were	multiplied	 in-vitro	 in	 the	CTCB	plant	 tissue	culture	 facility	using	multiplication	
media	 (MS	 basal	medium)	 (Murashige	 and	 Skoog,	 1962)	 supplemented	with	 5	mg/L	 BAP,	
175	μg/L	 IAA	and	20g/L	Sucrose)	and	200	mg/L	Timentin	 to	control	Agrobacterium.	When	
the	required	number	of	clone	plants	was	attained,	plants	were	transferred	to	rooting	media	
(MS	basal	medium,	10	mL/L	Bluggoe	Vitamins	Stock,	10	mg/L	Ascorbate	and	20g/L	sucrose).	
After	 four	 to	 six	weeks	 on	 rooting	media,	 banana	plantlets	were	 taken	 to	 the	 glasshouse	
facility	for	acclimatisation.	
	
2.4.2 Acclimatisation	of	banana	plantlets	
Plantlets	were	deflasked	and	their	roots	washed	free	of	growth	medium	in	water.	They	were	
potted	 into	 seedling	 tubes	 using	 sterilised	 potting	 mix	 (Searles)	 and	 covered	 with	 clear	
plastic	 film	 to	maintain	 high	 humidity.	 Plants	were	 kept	 in	 the	 glasshouse	 at	 a	 controlled	
temperature	of	27	oC	and	under	natural	light	conditions.	After	2	weeks,	the	plastic	film	was	
removed	and	plants	kept	for	another	2	weeks	after	which	they	were	transplanted	into	100	
mm	diameter	pots	containing	sterilised	potting	mix	(Searles)	and	1	g/L	Osmocote	Plus	slow	
release	complete	nutrient	fertiliser	(Scotts	Australia	Pty	Ltd,	Bella	Vista,	NSW,	Australia)	and	
kept	for	another	4	weeks.	At	this	stage	and	under	normal	growth	conditions,	all	plants	had	
an	approximate	height	of	15	cm	and	were	ready	for	Foc	race	1	inoculation.	
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2.5 Preparation	of	fungal	inoculum	
Foc	race	1	inoculum	was	prepared	using	Japanese	millet	(Echinochloa	esculenta).	The	millet	
was	rinsed	in	tap	water	three	times	to	remove	dust	and	debris,	covered	with	distilled	water	
and	soaked	overnight	to	soften	the	grains.	After	another	rinsing	in	distilled	water	to	remove	
leached	carbohydrate,	the	millet	was	steamed	at	95°C	for	1	h.	Erlenmeyer	flasks	(2	L)	were	
filled	with	approximately	500	mL	of	grain	and	autoclaved	for	20	min	at	121°C.	An	isolate	of	
Fusarium	 oxysporum	 f.	 sp.	 cubense	 race	 1	 (VCG	 0124)	 obtained	 from	 the	 Queensland	
Department	of	Primary	 Industries	&	Fisheries	 (QDPI	&	F)	Herbarium	and	 stored	on	 sterile	
filter	paper	was	plated	onto	1/4	strength	potato	dextrose	agar	(PDA)	supplemented	with	50	
mg/L	 streptomycin	and	 incubated	 for	3-5	days	at	25°C.	Five	PDA	plugs	were	cut	 from	the	
leading	edge	of	 the	 fungal	 culture	and	aseptically	 inoculated	 into	 the	previously	prepared	
sterile	millet	grain.	Flasks	were	incubated	at	room	temperature	(23-25°C)	and	shaken	daily	
for	five	days	to	ensure	even	distribution	of	the	fungus.	
	
2.6 Plant	inoculation	with	Foc	race	1	-	Foc	bioassays	
Potting	mix	for	the	assays	was	made	on	site	by	mixing	2	parts	of	soil	potting	mix	to	1	part	of	
perlite	and	1	part	of	vermiculite.	Pots	(200	mm	diameter)	were	half-filled	with	potting	mix	
and	20	mL	of	Foc	 inoculum	was	placed	onto	the	potting	mix	surface.	Acclimatised	banana	
plants	were	then	removed	from	their	100	mm	pots,	placed	directly	onto	the	inoculum	and	
the	pots	were	topped	with	potting	mix.	A	tablespoon	of	slow-release	fertiliser	was	added	to	
each	 pot	 for	 normal	 plant	 growth	 and	 development.	 Plants	 were	 maintained	 in	 a	 PC2	
greenhouse	 at	 the	 Queensland	 Crop	 Development	 Facility	 (QCDF)	 at	 the	 DAFF	 Redlands	
Research	Station	for	a	period	of	12	weeks	with	an	average	temperature	between	27°C.	At	
the	end	of	this	period,	the	external	symptoms	of	Fusarium	wilt	were	assessed	and	the	plant	
subsequently	sacrificed	to	assess	the	internal	symptoms	as	previously	described	(Paul	et	al.,	
2011).	 Leaf,	 stem,	 corm	 and	 root	 samples	 were	 collected	 for	 further	 analysis	 when	
necessary.	
	
2.7 Specimen	preparation	for	histology	
Samples	were	prepared	and	analysed	 in	 the	Central	Analytical	 Research	 Facility	 (CARF)	 at	
the	Queensland	University	of	Technology.		
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Random	root	and	corm	samples	were	collected	and	fixed	in	4%	paraformaldehyde	(made	in	
PBS,	pH7.4)	at	4°C	for	24	h.	Following	fixation,	samples	were	trimmed	into	3-4	mm	pieces	
anddehydrated	in	a	series	of	ethanol	solutions	of	increasing	concentration.	These	included;	
50%,	70%,	80,	90%	twice	each	 for	10	min	and	 lastly	100%	ethanol	 twice	 for	15	min.	Each	
dyhydrated	 sample	 was	 then	 impregnated	 and	 embedded	 in	 paraffin	 wax	 (HY-BM1150),	
sectioned	into	5	μm	thick	sections	using	a	Leica	RM	2245	rotary	semi-automated	microtome	
and	mounted	on	a	glass	slide.	Thereafter,	thin	sections	were	de-waxed	in	xylene	twice	for	5	
min	 and	 rehydrated	 in	 100%,	 90%,	 80%,	 70	 and	 50%	 ethanol	 for	 5	 min	 each.	 Following	
rehydration,	samples	were	stained	with	trypan	blue,	or	Lacto-Fuchsin.	
	
For	trypan	blue	staining,	one	drop	of	a	0.05%	solution	(Sigma-Aldrich,	USA)	was	added	per	
section	sitting	on	a	glass	slide	and	incubated	for	10-20	min	at	room	temperature.	Sections	
were	then	de-stained	three	times	with	water	and	air	dried	for	30	min	prior	to	the	addition	of	
mounting	 solution	 and	 images	 were	 capturedon	 a	 bright	 field	 Leica	 M125	 zoom	
stereomicroscope.	For	Congo	red	staining,	one	drop	of	0.5%	solution	 (Sigma-Aldrich,	USA)	
was	applied	to	each	section	and	incubated	for	25	min	at	room	temperature.	Sections	were	
then	de-stained	five	times	with	distilled	water,	air	dried	for	30	min	prior	to	the	addition	of	
mounting	 solution	 and	 image	 capturing	 under	 bright	 field	 microscope.	 For	 Lacto-Fuchsin	
staining,	one	drop	of	a	0.1%	solution	(Sigma-Aldrich,	USA)	was	added	per	section	on	a	glass	
slide	 and	 incubated	 for	 10	 min	 at	 room	 temperature.	 Sections	 were	 de-stained	 with	 a	
solution	 made	 of	 distilled	 water,	 85%	 lactic	 acid	 and	 glycerol	 (1:1:1,	 v/v/v).	 Since	 Lacto-
Fuchsin	works	both	as	a	stain	and	a	mounting	medium,	a	cover	slip	was	placed	immediately	
on	each	section	after	de-staining	and	images	were	captured	with	a	Nikon	A1Rconfocal	laser-
scanning	microscope	(Nikon,	Japan)	using	a	either	a	FITC	or	DAPI	filter.	
	
2.8 TUNEL	assays	
Terminal	 deoxynucleotidyl	 transferase	 (TdT)	 dUTP	 Nick-End	 Labeling	 (TUNEL)	 assay	 was	
used	 to	 detect	 cells	 undergoing	 extensive	 DNA	 degradation	 during	 the	 late	 stages	 of	
apoptosis.	The	method	is	based	on	the	ability	of	TdT	to	label	blunt	ends	of	double-stranded	
DNA	breaks	independent	of	a	template.	TUNEL	assays	were	done	using	an	In	situ	cell	death	
detection	kit,	Fluorescein	(Roche)	according	to	the	manufacturer’s	instructions.		
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Samples	were	dipped	into	a	permeabilisation	solution	of	0.1%	Triton	X100	and	0.1%	sodium	
citrate	(pH6)	and	microwaved	at	1100	W	for	5	min.	Samples	were	then	placed	in	fresh	PBS	
to	 cool	 and	 then	 washed	 twice.	 Each	 sample	 was	 then	 incubated	 with	 50	 µL	 of	 TUNEL	
reaction	 mixture	 (Label	 solution	 +	 Enzyme	 solution)	 (Roche)	 for	 1h	 at	 37°C	 under	 high	
humidity.	 Treated	 samples	 were	 washed	 twice	 with	 PBS	 and	 counterstained	 with	 a	 0.5	
mg/ml	solution	of	propidium	 iodide	 for	15	min	 in	 the	dark.	Samples	were	then	washed	 in	
PBS	buffer	prior	to	imaging.	For	examination,	images	were	obtained	at	40x	objective	lenses	
under	a	confocal	laser-scanning	microscope	(Nikon	Air,	Japan).	
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Chapter	 3	 -	 Evaluation	 of	 Transgenic	 ‘Lady	 Finger’	 Banana	 for	
Resistance	to	Fusarium	oxysporum	f.	sp.	cubense	(Foc)	race	1	
	
3.1 Introduction	
Banana	 and	 plantain	 are	 the	most	 important	 staple	 food	 crops	 after	 cereals	 and	 cassava	
(Aurore	 et	 al.,	 2009).	 Banana	 production	 is	 threatened	 by	 various	 constraints	 such	 as	
declining	 soil	 fertility,	pests	 and	a	multitude	of	 serious	bacterial,	 viral	 and	 fungal	diseases	
(Jones,	2000b;	Ortiz,	2011).	Fusarium	wilt	of	banana,	also	known	as	Panama	disease,	is	one	
of	the	most	devastating	fungal	diseases	of	banana	(Smith	et	al.,	2008).	Fusarium	oxysporum	
f.	 sp.	cubense	 (Foc),	 the	causal	pathogen	of	Fusarium	wilt,	 is	a	 soil	borne	 fungus	 that	kills	
banana	 cells	 and	 colonises	 the	 dead	 tissue.	 There	 are	 four	 races	 of	 Foc	which	 have	been	
described	based	on	pathogenicity	 to	 host	 cultivars.	Of	 these,	 only	 three	 are	 important	 to	
banana,	namely	races	1,	2	and	4.		
	
There	 are	 no	 long-term	 chemical	 or	 physical	 measures	 to	 control	 Foc	 (Ploetz,	 2006).	
Although	 sources	 of	 resistance	 to	 Foc	 have	 been	 identified	 in	 wild	 diploid	 bananas,	 the	
deployment	 of	 these	 genes	 via	 conventional	 breeding	 has	 been	 hindered	 due	 to	 the	 low	
fertility	 of	 commercial	 banana	 cultivars	 and	 long	 generation	 times	 associated	 with	
conventional	banana	breeding	(Sagi	et	al.,	1995;	Ploetz,	2006).	Genetic	engineering	is	now	
considered	 the	 most	 promising	 alternative	 strategy	 for	 the	 improvement	 of	 commercial	
banana	varieties.		
	
Foc	 is	 considered	 a	 hemi-biotroph	 and	 is	 thought	 to	 induce	 apoptosis	 in	 infected	 banana	
cells,	 possibly	 through	 the	 action	 of	 toxins,	 thus	 creating	 an	 environment	 conducive	 for	
infection	in	the	necrotrophic	stage	of	its	life	cycle	(Dickman	et	al.,	2001).	Apoptosis	is	a	well-
studied	 and	morphologically	 distinct	 form	of	 programmed	 cell	 death	 (PCD)	 that	 occurs	 in	
animal	systems	but	also	in	plants	(Jan	and	Khurshid,	2013).	A	large	body	of	work	has	clearly	
demonstrated	 similitudes	 in	 the	 PCD	 mechanisms	 between	 the	 two	 kingdoms	 using	 a	
multitude	of	genes	and	approaches.	In	the	process,	a	number	of	studies	have	found	that	not	
only	some	of	these	genes	could	be	interchanged	between	the	two	kingdoms	and	retain	their	
function	but	 they	could	also	provide	effective	and	heritable	protection	against	abiotic	but	
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also	 biotic	 stresses	 (Dickman	 et	 al.,	 2001).	 As	 such,	 the	 use	 of	 anti-apoptosis	 genes	 to	
control	necrotrophic	pathogens	was	discovered	and	has	been	well	documented.	The	earliest	
example	 comes	 from	 the	 constitutive	 expression	of	 various	 anti-apoptotic	 proteins	of	 the	
mammalian	 Bcl-2	 family	 in	 transgenic	 tobacco	 plants	 which	 resulted	 in	 high	 levels	 of	
resistance	 to	 a	 range	 of	 necrotrophic	 fungi	 such	 as	 Botrytis	 cinerea	 and	 Sclerotinia	
sclerotiorum	 (Dickman	 et	al.,	 2001).	 In	another	 report,	 the	baculovirus	anti-PCD	gene	p35	
was	 effective	 in	 protecting	 transgenic	 tomato	 plants	 against	 the	 AAL-toxin	 of	 Alternaria	
alternate	 f.	 sp.	 Lycopersici	 (Lincoln	 et	 al.,	 2002).	 Later,	 the	Arabidopsis	 thaliana	 BI-1	 gene	
was	 shown	 to	 be	 effective	 in	 transgenic	 rice	 against	 the	 rice	 blast	 fungus,	Magnaporthe	
grisea	(Matsumura	et	al.,	2003).	A	natural	extension	of	this	research	was	to	identify	plants	
homologs	to	provide	a	more	consumer	‘acceptable’	strategy	to	generate	fungal	resistance	in	
transgenic	crops.	Although	genes	that	control	mammalian	PCD	are	conserved	across	broad	
evolutionary	 distances,	 plant	 homologs	 have	 been	 very	 difficult	 to	 identify	 using	
conventional	 methods.	 A	 study	 by	 Doukhanina	 and	 colleagues	 in	 2006	 used	 advanced	
bioinformatics	tools	and	a	combination	of	profile-sequence	(Pfam)	and	profile-profile	(FFAS)	
algorithms	to	 identify	and	characterise	the	BAG	protein	family	of	Arabidopsis	(Doukhanina	
et	al.,	2006).	Insect	inhibitors	of	apoptosis	such	as	the	fall	armyworm	Sf-IAP	gene	have	also	
been	 effective	 in	 conferring	 resistance	 to	 the	 necrotrophic	 fungus	Alternaria	 alternata	 in	
tomato	(Li	et	al.,	2010).	More	recently,	work	carried	out	in	the	CTCB	at	QUT	demonstrated	
the	effectiveness	of	mammalian	anti-apoptosis	genes	such	as	Bcl-xL,	Ced-9	and	Bcl-23’	UTR	
in	 providing	 Foc	 race	 1	 resistance	 to	 transgenic	 ‘Lady	 Finger’	 banana,	 a	 normally	 highly	
susceptible	cultivar	(Paul	et	al.,	2011).	Although	promising,	the	transgenes	used	in	this	study	
were	 of	 animal	 origin	 thus	 precluding	 the	 practical	 exploitation	 of	 the	 transgenic	 banana	
plants	due	to	ethical	and	regulatory	issues.	
	
In	 an	 attempt	 to	 overcome	 this	 problem,	 the	 evaluation	 of	 anti-apoptosis	 genes	 derived	
from	 regulatory	 acceptable,	 non-animal	 sources	 was	 necessary.	 	 As	 such,	 the	 aim	 of	 the	
research	 described	 in	 this	 study	 was	 to	 evaluate	 the	 ability	 of	 a	 range	 of	 anti-apoptosis	
transgenes	derived	from	non-animal	sources	to	confer	resistance	to	Foc	race	1	infection	in	
the	normally	susceptible	banana	cultivar	‘Lady	Finger’.	The	use	of	novel	anti-apoptosis	genes	
from	plant	origins	such	as	Bag4	(from	Arabidopsis	and	rice)	and	AtBI	(from	Arabidopsis)	but	
also	genes	from	viral	and	insect	origin	such	as	the	molecular	chaperones	Hsp70	and	Hsp90	
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(from	Citrus	tristeza	virus),	p35	(from	Autographa	californica	nucleopolyhedrovirus)	and	Sf-
IAP	(from	the	fall	armyworm	Spodoptera	frugiperda)	was	investigated.	
	
The	specific	objectives	of	the	research	described	in	this	chapter	were:	
	
1. To	 characterise	 putative	 transgenic	 ‘Lady	 Finger’	 banana	 lines	 transformed	 with	 anti-
apoptotic	genes	using	molecular	analysis.	
2. To	challenge	the	transgenic	‘Lady	Finger’	banana	lines	with	Foc	race	1	using	a	small	plant	
bioassay	and	to	identify	resistant	lines.	
3. To	assess	the	level	of	transgene	expression	in	selected	promising	lines.	
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3.2 Materials	and	methods	
Prior	to	the	commencement	of	this	project,	embryogenic	cell	suspensions	(ECS)	of	the	‘Lady	
Finger’	banana	cultivar	were	transformed	with	ten	anti-PCD	genes	using	an	Agrobacterium-
mediated	method	(Khanna	et	al,	2004;	Arinaitwe	et	al,	2008).	The	expression	of	the	genes	
used	in	this	study	were	all	controlled	by	the	maize	polyubiquitin	(Ubi-1)	promoter	and	were	
all	 cloned	 in	 a	 pCAMBIA2300	 backbone.	 In	 addition,	with	 the	 exception	 of	 vectors	 pYC10	
and	 pYC11,	 all	 expression	 vectors	 also	 contained	 the	 gfp	 reporter	 gene	 driven	 by	 the	
CaMV35S	promoter	(Table	3.1	and	Figure	3.1,	A	and	B).	The	genes	used	in	this	study	were	
the	 Bcl-2-associated	 athanogene-4	 from	 Arabidopsis	 thaliana	 (AtBag4)	 and	 Oryza	 sativa	
(rice;	OsBag4),	the	heat	shock	protein	70	homologue	(Hsp70)	and	the	heat	shock	protein	90	
homologue	(Hsp90)	from	Citrus	tristeza	virus,	the	Bax	inhibitor	1	from	A.	thaliana	(AtBI-1),	
the	 inhibitor	of	apoptosis	 from	the	 fall	armyworm	Spodoptera	 frugiperda	 (Sf-iap),	 the	p35	
gene	from	the	Autographa	californica	nuclear	polyhedrosis	virus,	the	cell	death	defective-9	
(Ced-9)	 gene	 from	 the	 nematode	 worm	 Caenorhabditis	 elegans	 and	 a	 banana	 codon	
optimised	version	of	Ced-9	designated	mCed-9.		
	
A	number	of	control	plants	were	also	included	in	the	study.	Wild-type	plants	of	Foc	race	1-
susceptible	 cultivar	 ‘Lady	 Finger’	 and	 a	 susceptible	Musa	acuminata	 ssp.	Malaccensis	 line	
(Malaccensis(S))	were	 included	 in	 addition	 to	wild-type	 plants	 of	 the	 Foc	 race	 1	 resistant	
‘Cavendish’	cultivar	and	a	resistant	Musa	acuminata	ssp.	Malaccensis	line	(Malaccensis(R)).	
Additional	controls	were	included	in	some	trials	including	‘Lady	Finger’	bananas	transformed	
with	the	reporter	genes	gfp	and	gus	(both	negative	controls)	and	a	‘Lady	Finger’	transgenic	
line	called	LF-Apo4-6	transformed	with	the	anti-apoptosis	gene	Bcl-2	3’	UTR	which	has	been	
previously	shown	to	be	highly	tolerant	to	Foc	race	1	in	glasshouse	bioassays	(Paul,	2009).	
	
3.2.1 Isolation	of	genomic	DNA	and	RNA	from	banana	leaf	tissue	
Total	genomic	DNA	and	RNA	were	isolated	from	banana	leaf	tissue,	qualified	and	quantified	
using	the	methods	described	in	section	2.3.1.1	and	2.3.1.2,	respectively.	
	
3.2.2 Polymerase	Chain	Reaction	(PCR)	
The	presence	of	the	respective	expression	cassette	in	putatively	transformed	banana	plants	
was	determined	by	PCR	as	described	in	section	2.3.3.1.	Primer	pairs	that	amplify	a	region		
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Table	3.1.	Description	of	plant	expression	vectors	used	in	the	study	
	
Vector	ID	 Promoter(s)	>	gene(s)	 Origin	
pYC1	 35S	>gfp	 	Control	vector,	gfp	from	Aequorea	victoria	
pYC2	 35S	>gfp	+	Ubi	>AtBag4	 AtBag4	from	Arabidopsis	thaliana	
pYC3	 35S	>gfp	+	Ubi	>	Sf-iap	
Sf-iap	from	a	baculovirus	infecting	Spodoptera	
frugiperda		
pYC4	 35S	>gfp	+	Ubi	>OsBag4	 OsBag4	from	Oryza	sativa	
pYC5	 35S	>gfp	+	Ubi	>Hsp70	 Hsp70	from	Citrus	tristeza	virus	
pYC6	 35S	>gfp	+	Ubi	>AtBag4	+	Ubi	>	Hsp70	 Described	above	
pYC7	 35S	>gfp	+	Ubi	>AtBI-1	 AtBI-1	from	Arabidopsis	thaliana	
pYC8	 35S	>gfp	+	Ubi	>hsp90	 Hsp90	from	Citrus	tristeza	virus	
pYC9	 35S	>gfp	+	Ubi	>p35	 p35	from	a	baculovirus	
pYC10	 Ubi	>Ced-9	 Ced-9	from	Caenorhabditis	elegans	
pYC11	 Ubi	>mCed-9	 Synthetic	version	of	Ced-9	
pYC12	 35S	>gfp	+	Ubi	>gus	 Control	vector,	β-glucuronidase	
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Figure	3.1,	A.	Vector	maps	of	binary	plasmids	used	for	transformation	in	this	study.	
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Figure	3.1,	B.	Vector	maps	of	binary	plasmids	used	for	transformation	in	this	study.	
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Figure	3.1,	C.	Vector	maps	of	binary	plasmids	used	for	transformation	in	this	study.	
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spanning	 the	promoter	 and	 the	 transgene	were	used	and	are	described	 in	 Table	3.2.	 The	
quality	 of	 each	 DNA	 extract	 was	 first	 assessed	 using	 primers	 specific	 to	 the	 banana	
housekeeping	gene	actin	(Actin-F/Actin-R).	Further,	to	avoid	the	possibility	of	detecting	false	
positives	due	to	the	presence	of	residual	Agrobacterium,	all	actin	positive	plants	were	PCR	
tested	for	the	Agrobacterium	AGL1-specific	VirC	gene	using	primers	VirC-F/VirC-R.	All	plants	
testing	negative	for	Agrobacterium	contamination	were	then	screened	for	the	presence	of	
the	transgene.	Plasmid	DNA	was	used	as	a	positive	control,	DNA	extracted	from	wild-type	
(non-transgenic)	plants	was	used	as	negative	controls	and	water	was	used	as	no-template	
control.	At	the	completion	of	the	PCR	cycle,	the	products	were	electrophoresed	through	a	
1.5%	 (w/v)	 agarose	gel	 and	visualised	under	a	UV	 transilluminator	after	 SYBR	 staining.	All	
plants	 that	 tested	 positive	 after	 PCR	 screening	 were	 multiplied	 in	 plant	 tissue	 culture	 in	
preparation	for	Foc	race	1	small	plant	bioassays	in	the	glasshouse.	
	
3.2.3 Glasshouse	bioassays	with	Foc	race	1	
All	 transgenic	plants	 to	be	 tested	against	Foc	 race	1	were	maintained	 in-vitro	 in	 the	CTCB	
tissue	culture	facility	as	described	in	section	2.4.1.	Once	ready,	plants	were	acclimatised	as	
per	section	2.4.2	and	prepared	for	 inoculation	with	Foc	race	1	as	described	in	sections	2.5	
and	 2.6.	 An	 overview	 of	 the	 inoculum	 preparation	 and	 inoculation	 process	 is	 shown	 in	
Figures	3.2	and	3.3.	
	
3.2.4 Assessment	of	disease	symptoms,	data	collection	and	analysis	
After	 inoculation,	 plants	 were	 maintained	 in	 a	 PC2	 planthouse	 at	 theQueensland	 Crop	
Development	 Facility	 (QCDF)	 at	 the	 DAFF	 Redlands	 Research	 Station	 for	 a	 period	 of	 12	
weeks	with	an	average	temperature	of	27	ºC.	The	plants	were	inspected	regularly	and	at	the	
end	of	the	12-week	period	plants	were	assessed	for	the	presence	of	characteristic	external	
(yellowing,	wilting	and	stem	splitting)	and	internal	symptoms	(vascular	discoloration)	of	Foc	
infection.	The	assessment	and	scoring	of	the	external	symptoms	was	done	using	the	method	
described	by	Smith	et	al.	(2008)	with	some	modifications	by	Paul	et	al.	(2011).	This	method	
involves	a	1	to	5	scoring	scale	for	the	characteristic	symptoms	of	yellowing	and	wilting	and	a	
1	to	3	scoring	scale	for	stem	splitting	(Figure	3.4).		
	
	
 	
 
81	
Table	3.2.		PCR	primers	used	for	the	molecular	characterisation	of	transgenic	plants	
	
	
	
	
Vector	
ID	
Primer	name	 Primer	sequence	(5’à3’)	
Amplicon	size	
(bp)	
pYC1	
F-35sF691	
R-sGFP390r	
CCTTCCTCTATATAAGGAAGTTCATTTC	
CTTCAGCTCGATGCGGTTCACC	
513	
pYC2	
F-Ubifend2	
R-AtBagr115	
TGTGGATTTTTTTAGCCCTGCCTTC	
AAAAGCGGCGGAACCAGAGTC	
220	
pYC3	
F-Ubifend2	
R-IAPr115	
TGTGGATTTTTTTAGCCCTGCCTTC	
CAAGCGATCCGCTCTTGAATAGC	
220	
pYC4	
F-Ubifend2	
R-Bam-OsB4r	
TGTGGATTTTTTTAGCCCTGCCTTC	
TAGGATCCGAGGCTAGTCGAATTGCTCCCA	
850	
pYC5	
F-Ubifend2	
R-Hsp70ro	
TGTGGATTTTTTTAGCCCTGCCTTC	
ACCAAAGTCTAAACCCAGAAGCACC	
1100	
pYC6	
F-Ubifend2	
R-Hso70ro	
TGTGGATTTTTTTAGCCCTGCCTTC	
ACCAAAGTCTAAACCCAGAAGCACC	
1100	
pYC7	
F-Ubifend2	
R-Bam-AtBIr	
TGTGGATTTTTTTAGCCCTGCCTTC	
TGGATCCCCTCAGTTTCTCCTTTTCTTCTT	
880	
pYC8	
F-Ubifend2	
R-BamH-hdp90r	
TGTGGATTTTTTTAGCCCTGCCTTC	
AAGGATCCTTAGGAAGTATTGTATGACCTG	
1600	
pYC9	
F-P35mf	
R-M13R	
TAGAGTTTACTACAGAATCGAGCTGG	
GTAAAACGACGGCCAGT	
450	
pYC10	
F-Ubifend2	
R-Ced9R	
TGTGGATTTTTTTAGCCCTGCCTTC	
TTACTTCAAGCTGAACATCATCCGCCCAC	
970	
pYC11	
F-MCed9-midf	
R-M13R	
GGAAAGAACATAATAGATCTTGGGATG	
GTAAAACGACGGCCAGT	
450	
pYC12	
F-BCl2-2F2	
R-BCl2-2R2	
ACTCCTCCCCAAACAAATA	
TATCCCCAACAACAT	
380	
Actin	
Actin-F	
Actin-R	
ACCGAAGCCCCTCTTAACCC	
GTATGGCTGACACCATCACC		
640	
VirC	
VirC-F	
VirC-R	
TCCCAAGATCAATAAAGCCACT	
CTCGGAAGAGTATGAAGATGAACAA	
738	
 	
 
82	
	
Figure	 3.2.	 Preparation	 of	 Fusarium	 oxysporum	 f.	 sp.	 cubense	 race	 1	 inoculum.	 A,	 PDA	 plates	
inoculated	with	Foc	race	1	on	filter	paper;	B,	Foc	race	1	culture	growing	on	PDA	plate	5	days	post-
inoculation	and	C,	millet	grain	inoculated	with	Foc	race	1	PDA	plugs.	
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Figure	3.3.	Inoculation	of	banana	plantlets	with	Fusarium	oxysporum	f.	sp.	cubense	race	1.	A,	Foc	
grown	on	millet	grains	is	placed	into	half-filled	200	mm	pots;	B,	banana	plantlets(		 ̴15	cm)	are	placed	
on	top	of	the	inoculum	and	C,	pots	are	filled	with	potting	mix.	
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External	symptoms	
Yellowing	
Scores	 Description	
1	 Healthy,	no	sign	of	yellowing	(except	natural	degradation	of	lower	leaves)	
2	 Slight	yellowing	(mainly	lower	leaves)	
3	 Advanced	yellowing	(50%)	-	slightly	affecting	the	top	leaves	
4	 Extensive	yellowing	(90%)	-	bottom	to	the	top	
5	 Entire	foliage	is	brown	(dead	plant)	
Wilting	
Scores	 Description	
1	 Healthy,	no	sign	of	wilting	(except	natural	degradation	of	lower	leaves)	
2	 Slight	wilting	(mainly	lower	leaves)	
3	 Advanced	wilting	(50%)	-	slightly	affecting	the	top	leaves	
4	 Extensive	wilting	(90%)	-	bottom	to	the	top	
5	 Entire	foliage	is	brown	(dead	plant)	
Stem	splitting	
Scores	 Description	
1	 Healthy,	no	sign	of	splitting	
2	 Slight	splitting	
3	 Advanced	splitting	and/or	darkening	of	the	stem	
Figure	 3.4.	 Detailed	 scoring	 system	 for	 the	 assessment	 of	 Fusarium	 wilt	 external	 symptoms	
during	glasshouse	bioassays.	
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For	internal	symptoms,	individual	plants	were	cut	longitudinally	in	half	to	expose	the	corm	
and	pseudostem	and	a	digital	picture	was	taken	using	a	Canon	digital	camera	(Canon	IXUS	
105).The	 images	 were	 analysed	 using	 an	 ‘in	 house’	 application	 running	 on	MATLAB	 (The	
MathWorks,	Inc)	from	which	a	percentage	corm	discoloration	was	derived	(Figure	3.5)	(Paul	
et	al.,	2011).	
	
3.2.5 Statistical	analysis	
Data	was	analysed	using	a	one-way	analysis	of	variance	(ANOVA)	followed	by	LSD	Post	Hoc	
testwith	 statistical	 significance	 reported	 at	 a	 level	 of	 P<0.05	 using	 the	 Genstat	 statistical	
package	version	7.1.	
	
3.2.6 Southern	blot	analysis	
Southern	 blot	 analyses	 of	 selected	 transgenic	 banana	 lines	 were	 done	 as	 described	 in	
section	2.3.5	using	a	single	restriction	enzyme	(EcoRI)	that	cut	only	once	within	the	T-DNA	
borders	 and	an	NptII-specific	DIG-labeled	probe.	Wild-type	DNA	extractsand	plasmid	DNA	
were	used	as	negative	and	positive	controls,	respectively.	
	
3.2.7 Reverse	transcriptase	PCR	(RT-PCR)	and	real	time	quantitative	PCR	(RT-qPCR)	
Approximately	50-100	mg	of	leaf	tissue	from	the	second	youngest	leaf	was	harvested	from	
each	 plant	 and	 used	 for	 RNA	 extractions	 as	 described	 in	 section	 2.3.1.2.	 cDNA	 was	
synthesised	 and	 used	 as	 template	 for	 PCR	 analysis	 as	 described	 in	 sections	 2.3.3.2	 and	
2.3.3.1,	respectively.	
	
RT-qPCR	was	used	for	the	detection	and	quantification	of	the	AtBag4,	OsBag4	and	gfp	gene	
transcripts	using	two	reference	genes,	for	normalisation.	Before	the	normalisation	step	was	
done,	 all	 primers	 used	 for	 RT-qPCR	 were	 designed	 using	 the	 software	 designer	 from	
(Invitrogen,	 USA)	 (Table	 3.3).	 Primer	 pair	 optimisation,	 calculation	 of	 reference	 gene	
stability	 and	 selection	 of	most	 stable	 reference	 genes	were	 done	 as	 described	 in	 section	
2.3.3.3.	
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Figure	 3.5.	 Scoring	 system	 for	 Fusarium	 wilt	 internal	 symptoms	 in	 glasshouse	 bioassays.	 A,	
representative	 image	of	a	MATLAB	analysis	and	B,	 representative	picture	of	various	 levels	of	corm	
discoloration.	
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Table	3.3.	Primers	used	for	relative	quantification	of	transgene	expression	by	qPCR	
	
Primer	Name	 Nucleotide	sequence	(5’à3’)	 Amplicon	size	(bp)	
qMa-qCAC-F	 CACAATCAAACTCCTATGTTGCTC	
147	
qMa-qCAC-R	 GAGGGGCTACTACTTCGGTTC	
qMa-RPS2-F	 ACTCAACCGTCTTCCCAAAAG	
127	
qMa-RPS2-R	 TCACAATATCAGGCAATCCCG	
QUBI-1-F	 CCTAACCCTTTTGGGCTGTA	
80	
QUBI-1-R	 GAATTTCCAACGAACACCAA	
qGfp-F	 ACGTAAACGGCCACAAGTTC	
180	
qGfp-R	 AAGTCGTGCTGCTTCATGTG	
qLF-AtBag4-F	 GAATCGGAATGGGAGGTGAGAC	
110	
qLF-AtBag4-R	 AAAGCGGCGGAAGCAGAG	
qLF-OsBag4-F	 CTCTCTGCCAAGGTATGTGATTTG	
138	
qLF-OsBag4-R	 TGCTTCTCCCTCTGCCTCTATG	
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3.3 Results	
3.3.1 Characterisation	of	transgenic	plants	by	PCR	
Total	gDNA	was	extracted	from	the	leaves	of	118	‘Lady	Finger’	banana	plantlets	which	had	
been	 putatively	 transformed	with	 a	 number	 of	 different	 transgenes	 including	AtBag4	 (16	
plants),	OsBag4	 (34	 plants),	 Ced-9	 (11	 plants),	 IAP	 (1	 plant),	 mCed-9	 (10	 plants),	 p35	 (8	
plants),	Hsp70	 (14	plants),	Hsp90	 (4	plants),	AtBI	(7	plants)	and	AtBag4+Hsp70	 (13	plants).	
As	a	nucleic	acid	extraction	control,	the	extracts	were	initially	tested	for	the	presence	of	the		
banana	actin	housekeeping	gene.	 In	all	cases,	a	band	of	the	expected	size	of	 	 	̴640	bp	was	
amplified	 (Figure	 3.6,	 A).	 The	 extracts	 were	 subsequently	 tested	 for	 the	 presence	 of	
contaminating	 Agrobacterium	 using	 VirC	 gene	 primers	 designed	 to	 amplify	 a	 738	 bp	
product.	 Apart	 from	 the	 positive	 control,	 no	 products	 were	 amplified	 from	 any	 of	 the	
extracts	indicating	the	absence	of	false	positives	from	Agrobacterium	contamination	(Figure	
3.6,	B).	The	118	extracts	were	then	used	in	a	PCR	with	transgene-specific	primers	to	confirm	
the	presence	of	the	respective	transgene;	some	representative	agarose	gels	are	shown	on	
Figures	3.7.	A	product	of	the	expected	size	was	amplified	from	15/16	AtBag4	 transformed	
plants,	34/34	OsBag4,	11/11	Ced-9,	0/1	 IAP,	8/10	mCed-9,	7/8	p35,	13/13	AtBag4+Hsp70,	
14/14	Hsp70,	4/4	Hsp90	and	6/7	AtBI.	The	112	plants	(Table	3.4)	that	tested	positive	for	the	
respective	transgenes	by	PCR	were	multiplied	in	tissue	culture	to	increase	their	numbers	for	
use	in	glasshouse	trials.	
	
3.3.2 Multiplication,	 acclimatisation	 of	 tissue	 culture	 banana	 plantlets	 and	 phenotypic	
assessment	
The	 112	 transgenic	 banana	 lines,	 as	 well	 as	 wild-type	 control	 plants,	 were	 multiplied	 in	
tissue	culture	(Figure	3.8,	A)	and	when	the	required	number	of	clones	was	obtained,	plants	
were	transferred	to	rooting	media	(Figure	3.8,	B).	After	five	weeks	on	rooting	media,	banana	
plantlets	were	taken	to	the	glasshouse	for	acclimatisation	(Figure	3.8,	C	and	D).	
	
During	 the	 course	 of	 the	 small-plant	 glasshouse	 bioassays,	 non-inoculated	 transgenic	 and	
wild-type	control	plants	were	examined	for	phenotypic	abnormalities.	All	wild-type	control	
plants	appeared	phenotypically	normal.	However,	an	abnormal	phenotype	of	reduced	 leaf	
lamina	was	observed	in	all	plants	of	line	LF-AtBag4-69	(Figure	3.9).		
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Figure	3.6.	Representative	agarose	gels	of	the	PCR	screenings.	A,	screening	for	actin	(640	bp)	and	B,	
screening	for	the	presence	of	residual	Agrobacterium	within	the	plant	using	the	VirC	gene	(738	bp).	
M,	molecular	weight	marker	2-log	DNA	ladder	(NEB);	P,	positive	control	and	N,	no	template	control.	
Lanes	numbered	are	transgenic	banana	lines.	All	products	were	separated	on	a	1.5	%	agarose	gel	in	
TAE	and	electrophoresed	at	110	V	for	45	min.	
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Figure	3.7.	Representative	agarose	gels	of	the	PCR	screenings.	A,	screening	for	the	presence	of	the	
Ced-9	 (970	 bp)	 and	B,	Hsp70	 (1100bp)	 transgenes.	M,	molecular	weight	marker	 2-log	DNA	 ladder	
(NEB);	P,	positive	control	and	N,	wild-type	negative	control.	Lanes	numbered	are	transgenic	banana	
lines.	All	products	were	separated	on	a	1.5	%	agarose	gel	in	TAE	and	electrophoresed	at	110	V	for	45	
min.	
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Table	3.4.	PCR	analysis	of	‘Lady	Finger’	transgenic	banana	lines	-	Results	summary	
	
Transgene	
Number	
of	lines	tested	
Number	of	PCR	
positives	lines	
AtBag4	 16	 15	
OsBag4	 34	 34	
Ced-9	 11	 11	
mCed-9	 10	 8	
p35	 8	 7	
IAP	 1	 0	
AtBI	 7	 6	
Hsp90	 4	 4	
Hsp70	 14	 14	
AtBag4+	Hsp70	 13	 13	
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Figure	 3.8.	 Banana	 plantlets	 at	 different	 stages	 of	 development.	 A,	 proliferating	 plants	 on	
multiplication	 media;	 B,	 rooted	 plants;	 C,	 acclimatised	 plants	 in	 small	 tubes	 and	 D,	 acclimatised	
plants	in	100	cm	pots.	
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Figure	3.9.	Representative	pictures	of	phenotypic	abnormalities	 in	 transgenic	 line	LF-
AtBag4-69.	This	transgenic	line	consistently	displayed	unusual	narrow	leaves.	
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3.3.3 Evaluation	of	transgenic	Lady	Finger	banana	lines	for	Foc	race	1	resistance	
Out	of	the	112	lines	that	tested	positive	for	the	respective	transgene,	105	were	tested	for	
resistance	 to	 Foc	 race	 1	 using	 small	 plant	 bioassays	 in	 the	 glasshouse.	 Due	 to	 the	 large	
numbers	 of	 lines	 generated	 and	 space	 constraints	 in	 the	 glasshouse,	 the	 preliminary	
screening	for	Foc	race	1	resistance	was	done	in	four	separate	trials	(T1-T4;	Table	3.5)	during	
which	only	three	clones	of	each	transgenic	line	were	initially	assessed.	The	most	promising	
lines	were	 then	 characterised	 by	 Southern	 analysis,	 prior	 to	 further	 glasshouse	 bioassays	
using	10	clones	per	line.	
	
3.3.3.1 Preliminary	Foc	glasshouse	trials	(Trial	1-4)	
Glasshouse	trial	one	(T1)	included	28	transgenic	lines,	glasshouse	trial	two	(T2)	included	20	
new	transgenic	lines	and	although	plants	of	line	LF-AtBag4-46	had	been	previously	assessed	
in	T1,	this	 line	was	re-tested	 in	T2	to	confirm	its	 level	of	resistance.	Glasshouse	trial	 three	
(T3)	included	an	additional	37	new	transgenic	lines	while	glasshouse	trial	four	(T4),	the	last	
of	 the	 preliminary	 trials,	 included	 20	 new	 transgenic	 lines	 and	 nine	 additional	 lines	
previously	tested	in	T2	and	T3	(LF-AtBag4+Hsp70-52,	LF-Hsp70-29,	LF-Hsp90-8,	LF-Hsp90-9,	
LF-Hsp90-10,	LF-mCed-9-4,	LF-mCed-9-7,	LF-mCed-9-13	and	LF-Hsp90-4)	(Table	3.5).In	each	
trial,	 Foc	 race	 1	 susceptible	 and	 resistant	 wild-type	 and	 transgenic	 control	 plants	 were	
included	as	described	in	section	3.2	and	Table	3.5.		
	
Wild-type	control	and	transgenic	plants	were	inoculated	with	Foc	race	1	in	the	glasshouse	as	
previously	 described	 (section	 2.6).	 All	 preliminary	 fusarium	 glasshouse	 trials	 included	 for	
each	 line	(transgenic	or	wild-type	control)	 three	 inoculated	plants	and	one	non-inoculated	
control.	 The	 plants	 were	 examined	 on	 a	 fortnightly	 basis	 for	 a	 total	 of	 12	 weeks	 post-
inoculation	 at	 which	 time	 the	 trials	 were	 concluded.	 At	 the	 conclusion	 of	 the	 trial,	 the	
characteristic	 external	 symptoms	 of	 yellowing,	 wilting	 and	 stem	 splitting	 were	 assessed	
using	a	 scoring	 system	described	previously	 (Figure	3.4).	After	assessment	of	 the	external	
symptoms,	photographs	of	whole	plants	were	taken.	Plants	were	uprooted	from	the	pots,	
excess	soil	was	removed	and	plant	roots	washed	with	tap	water.	Individual	corms	were	cut	
longitudinally	 and	 the	 percentage	 corm	 discoloration	 was	 determined	 as	 previously	
described	(Figure	3.5).	Leaf,	stem,	corm	and	root	samples	were	also	collected	for	molecular	
analysis	and	histology	(Chapter	5).	
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Table	3.5.	Detailed	summary	of	the	number	of	plants	evaluated	for	Foc	race	1	resistance	
	
	
	
	
Transgenes	
No.	of	lines	
available	
No.	of		lines	acclimatised	and	evaluated	
Trials	(T)	
T1	 T2	 T3	 T4	 T5	 T6	 T7	
Transgenic	
AtBag4	 15	 10	 1	 1	 -	 3	 5	 3	
OsBag4	 34	 6	 5	 13	 9	 6	 5	 1	
AtBI	 6	 -	 -	 4	 2	 -	 -	 -	
Hsp70	 14	 4	 3	 4	 3	 -	 -	 -	
Hsp90	 4	 -	 3	 1	 4	 2	 1	 -	
AtBag4+Hsp70	 13	 2	 2	 3	 6	 -	 2	 -	
Ced-9	 11	 4	 2	 5	 -	 1	 2	 -	
mCed-9	 8	 1	 5	 1	 3	 4	 -	 -	
p35	 7	 1	 -	 5	 2	 -	 -	 -	
No.	of	lines	tested	 112	 28	 21	 37	 29	 16	 15	 4	
Re-tested	lines	 -	 0	 1	 0	 9	 11	 14	 4	
Introduced	new	lines	 6	 0	 0	 0	 0	 5	 1	 0	
Total	individual	lines	 118	 28	 20	 37	 20	 0	 0	 0	
Transgenic	controls	
gus	 1	 1	 1	
	
-	 -	 -	 -	
gfp	 1	 -	
	
1	 1	 1	 1	 1	
LF-Apo4-6	 1	
	
1	 1	 -	 -	 -	 1	
Wild-type	controls	
‘Lady	Finger’	 1	 1	 1	 1	 1	 1	 1	 1	
Malaccensis(S)	 1	 1	 1	 1	 1	 1	 1	 1	
Malaccensis(R)	 1	 1	 1	 1	 1	 -	 -	 1	
‘Williams’	 1	 1	 1	 1	 1	 1	 1	 1	
Total	No.	of	lines	tested	 125	 33	 27	 43	 34	 20	 19	 10	
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In	all	 trials,	characteristic	external	symptoms	of	Fusarium	wilt	 (yellowing,	wilting	and	stem	
splitting)	 were	 initially	 observed	 on	 most	 susceptible	 control	 wild-type	 plants	 within	 2-3	
weeks	post-inoculation.	 In	 the	 case	of	 the	 susceptible	Malaccensis(S)	 control	plants,	most	
plants	died	within	a	month	of	 the	 inoculation.	 In	 T1,	when	 the	external	 symptoms	of	 the	
control	 plants	 were	 assessed,	 the	 susceptible	 controls	 of	 ‘Lady	 Finger’	 wild-type	 (1.9/5,	
1.6/5	and	2.8/3),	 transgenic	LF-gus	 (1.7/5,	1/5	and	1.3/3)	and	Malaccensis(S)	 (1.8/5,	1.5/5	
and	 2/3)	 had	 the	 highest	 disease	 severity	 scores.	 In	 contrast,	 the	 scores	 for	 the	 resistant	
controls	 ‘Williams’	 (1.1/5,	 1/5	 and	 1/3)	 and	 Malaccensis(R)	 (1/5,	 1/5	 and	 1/3)	 were	 the	
lowest	 (Appendix	 3,	 Figure	 1).	 The	 external	 symptoms	 of	 the	 transgenic	 lines	 were	
compared	 to	 the	known	Foc	 race	1	 resistant	 ‘Williams’	 and	Malacenssis(R)	 control	plants.	
When	only	yellowing	and	wilting	symptoms	were	used	in	the	assessment,	the	disease	scores	
for	12	transgenic	lines	(1x	OsBag4,	9	x	AtBag4,	1	x	mCed-9	and	1	x	p35)	were	found	to	not	
differ	significantly	from	those	of	the	resistant	 ‘Williams’	control	plants	(Appendix	3,	Figure	
1).	When	the	scores	for	all	three	external	symptoms	were	included	in	the	comparison,	only	
4	lines	(LF-OsBag4-31,	LF-AtBag4-45,	LF-AtBag4-57	and	LF-AtBag4-78)	had	scores	that	were	
not	 significantly	 different	 to	 those	 of	 the	 resistant	 control	 plants.	 When	 the	 internal	
symptoms	 of	 these	 plants	 were	 assessed,	 the	 average	 percentage	 corm	 damage	 of	 the	
susceptible	controls	was	 ‘Lady	Finger’	 (19.3%),	 LF-gus	 (25.3%)	and	Malaccensis(S)	 (14.4%).	
As	 expected,	 these	 scores	were	 higher	 than	 the	 percentage	 discoloration	 of	 the	 resistant	
controls,	 ‘Williams’	 (0.4%)	 and	Malaccensis(R)	 (2.2%),	 (Figures.	 3.10	 and	 3.11).	When	 the	
amount	 of	 internal	 discoloration	 in	 the	 transgenic	 lines	 was	 compared	 to	 the	 resistant	
control	 ‘Williams’	 (0.4%)	 (Figures.	 3.10	 and	 3.12),	 only	 two	 lines	 showed	 no	 significant	
difference,	namely	 LF-AtBag4-34	with	1.3%	corm	discoloration	and	LF-Ced-9-17	with	2.8%	
(Figure	3.10).	An	interesting	observation	was	that	for	some	transgenic	lines,	such	as	LF-p35-
32	(39.8%)	and	LF-Hsp70-12	(37.1%),	the	amount	of	internal	discoloration	was	significantly	
higher	than	the	susceptible	LF	controls	(Figure	3.10).		
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Figure	3.10.	Quantitative	assessment	of	the	internal	symptoms	of	Foc	race	1	infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	T1.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	1	and	grown	in	the	glasshouse.	After	12	weeks,	the	plants	percentage	corm	discoloration	were	
assessed.	Results	 are	presented	as	 score	means	±	 standard	errors	 (n=	3	biological	 replicates).	 The	
significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	test.	Differences	
were	considered	significant	at	P	<	0.05.	*	=	 statistically	 ‘better’	 than	 the	 susceptible	cultivar	 ‘Lady	
Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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Figure	3.11.	Representative	pictures	of	the	internal	symptoms	of	Foc	race	1	infection	on	wild-type	
banana	 plants	 12	 weeks	 post-inoculation.	 Susceptible	 wild-type	 cultivars	 ‘Lady	 Finger’	 and	
Malaccensis(S)	 as	well	 as	 resistant	wild-type	 cultivars	 ‘Williams’	 and	Malaccensis(R)	 are	 shown.	 R,	
resistant	and	S,	susceptible.	
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Figure	3.12.	Representative	pictures	of	the	internal	symptoms	of	Foc	race	1	infection	on	transgenic	
‘Lady	Finger’	banana	 lines	12	weeks	post-inoculation.	Three	independent	transgenic	 ‘Lady	Finger’	
banana	lines	harboring	the	AtBag4,	OsBag4	and	Ced-9	transgenes	are	shown.	
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In	T2,	the	susceptible	controls	of	‘Lady	Finger’	wild-type	(1.6/5,	1.5/5	and	1.6/3),	transgenic	
LF-gus	 (1.7/5,	 1.3/5	 and	 1/3)	 and	Malaccensis(S)	 (2.9/5,	 3.1/5	 and	 2.4/3)	 had	 the	 highest	
external	symptoms	severity	scores	while	the	resistant	controls	‘Williams’	(1/5,	1/5	and	1/3),	
Malaccensis(R)	(1/5,	1/5	and	1/3)	and	transgenic	control	 line	LF-Apo4-6	(1/5,	1/5	and	1/3)	
had	 the	 lowest	 (Appendix	 3,	 Figure	 2).	 Similarly	 to	 T1,	 the	 external	 symptoms	 of	 the	
transgenic	 lines	were	 then	 assessed	 and	 compared	 to	 the	 Foc	 race	 1	 resistant	 ‘Williams’	
control	plants.	When	all	three	external	symptoms	scores	were	included	in	the	comparison,	
those	 of	 only	 lines	 LF-Apo4-6	 and	 LF-mCed-9-4	 were	 statistically	 similar	 to	 the	 resistant	
control	plants.	When	only	yellowing	and	wilting	symptoms	were	used	in	the	assessment,	the	
disease	 scores	 of	 the	 previous	 two	 lines	 plus	 line	 LF-AtBag4-46	were	 found	 to	 not	 differ	
significantly	from	those	of	the	resistant	control	plants	(Appendix	3,	Figure	2).	Interestingly,	
the	assessments	of	the	internal	symptoms	showed	that	a	total	of	14	out	of	21	lines	tested	
were	 not	 significantly	 different	 from	 the	 resistant	 controls	 ‘Williams’	 (Figure	 3.13).	 The	
internal	 symptoms	 revealed	 that	 the	 ‘Lady	 Finger’	 (8.9%)	 and	 Malaccensis(S)	 (28.4%)	
controls	 had	 the	 highest	 levels	 of	 corm	 discoloration	 as	 expected	 (Figure	 3.13	 and	 3.14).	
However,	 the	 LF-gus	 susceptible	 control	 showed	 only	 1.1%	 corm	 discoloration.	 All	 of	 the	
resistant	controls	showed	very	low	levels	of	discoloration;	‘Williams’	(0.4%),	Malaccensis(R)	
(1.2%)	 and	 LF-Apo4-6	 (0.6%)	 (Figures	 3.13).	 The	 level	 of	 percentage	 corm	discoloration	 in	
the	transgenic	lines	ranged	from	0.5%	in	lines	LF-Hsp90-10	and	LF-OsBag4-20	to	8.4%	in	line	
LF-mCed-9-4.	Despite	these	observations	from	T2,	the	levels	of	internal	discoloration	in	the	
susceptible	 ‘Lady	 Finger’	 control	 lines	 in	 this	 trial	were	 considered	 too	 low	 to	 enable	 any	
meaningful	conclusions	to	be	drawn.	
	
Assessment	of	 the	external	symptoms	 in	T3	showed	that	 the	susceptible	controls	of	 ‘Lady	
Finger’	wild-type	(1.9/5,	1.8/5	and	2/3),	Malaccensis(S)	(4.1/5,	4.3/5	and	3/3)	and	transgenic	
LF-gfp	 (2/5,	 2/5	 and	 2/3)	 had	 the	 highest	 disease	 severity.	 The	 resistant	 control	 plants	
showed	 no	 external	 sign	 of	 disease	 with	 disease	 severity	 scores	 of	 1/5,	 1/5	 and	 1/3,	
respectively,	 for	 ‘Williams’,	 Malaccensis(R)	 and	 the	 transgenic	 control	 line	 LF-Apo4-6	
(Appendix	3,	Figure	3).	Statistical	analysis	of	the	external	symptom	scores	showed	that	out	
of	 the	 37	 transgenic	 lines	 tested,	 33	 lines	 did	 not	 differ	 significantly	 from	 the	 resistant	
‘Williams’	 control	 plants	 for	 both	 yellowing	 and	wilting	 (Appendix	 3,	 Figure	 3).	 However,	
when	all	external	symptoms	were	assessed,	only	lines	LF-OsBag4-22	and	LF-OsBag4-24	were	
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Figure	3.13.	Quantitative	assessment	of	the	internal	symptoms	of	Foc	race	1	infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	T2.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	1	and	grown	in	the	glasshouse.	After	12	weeks,	the	plants	percentage	corm	discoloration	were	
assessed.	Results	 are	presented	as	 score	means	±	 standard	errors	 (n=	3	biological	 replicates).	 The	
significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	test.	Differences	
were	considered	significant	at	P	<	0.05.	*	=	 statistically	 ‘better’	 than	 the	 susceptible	cultivar	 ‘Lady	
Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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Figure	3.14.	Representative	pictures	of	the	internal	symptom	of	Foc	race	1	infection	on	wild-type	
banana	 plants	 and	 transgenic	 ‘Lady	 Finger’	 banana	 lines	 12	weeks	 post-inoculation.	 Susceptible	
wild-type	 cultivars	 ‘Lady	 Finger’	 and	 Malaccensis(S)	 as	 well	 as	 the	 independent	 transgenic	 ‘Lady	
Finger’	banana	line	LF-AtBag4-46	(harboring	the	AtBag4	transgene)	are	shown.	S,	susceptible.	
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as	good	as	the	resistant	control	plants.	Malaccensis(S)	(50.8%)	had	the	highest	level	of	corm	
discoloration	 followed	by	 ‘Lady	Finger’	 (31.4%)	and	the	transgenic	LF-gfp	 (28.8%)	while	all	
the	resistant	controls	showed	strong	tolerance	to	the	fungus	with	only	0,	0.7	and	1.3%	corm	
discoloration	 for	 ‘Williams’,	Malaccensis(R)	 and	 transgenic	 LF-Apo4-6,	 respectively	 (Figure	
3.15).	 Internal	 discoloration	 analysis	 showed	 that	 19	 out	 of	 the	 37	 lines	 tested	 were	
significantly	 less	 affected	 by	 the	 fungus	 than	 the	 susceptible	 controls	 of	 ‘Lady	 Finger’	
including	1	x	AtBag4	 line,	13	x	OsBag4,	2	x	AtBag4+Hsp70,	1	x	mCed-9	and	2	x	p35	 lines.	
However,	only	 line	LF-OsBag4-22,	with	3.1%	corm	discoloration,	was	statistically	similar	 to	
the	resistant	control	‘Williams’	(Figure	3.15).	
	
Results	 from	 the	 last	 preliminary	 trial	 (T4)	 showed	 that	 the	 susceptible	 control	
Malaccensis(S)	 (4.8/5,	 5/5	 and	 3/3)	 had	 the	 highest	 external	 symptoms	 severity	 ratings	
followed	by	 ‘Lady	Finger’	wild-type	 (1.7/5,	1.2/5	and	2.2/3)	and	the	 transgenic	control	LF-
gfp	 (1.7/5,	 1.7/5	and	2/3)	 (Appendix	3,	 Figure	4).	As	expected,	 all	 resistant	 control	plants	
had	 the	 lowest	 disease	 scores	 with	 ‘Williams’	 scoring	 1/5,	 1/5	 and	 1/3	 for	 the	 three	
symptoms,	 respectively,	which	were	 similar	 to	Malaccensis(R)	 (1/5,	 1/5	 and	 1/3)	 and	 the	
transgenic	control	line	LF-Apo4-6	(1/5,	1/5	and	1.3/3)	(Appendix	3,	Figure	4).	For	any	of	the	
external	 symptoms	 recorded,	 all	 lines	 that	 had	 significantly	 less	 disease	 severity	 than	 the	
susceptible	 control	 ‘Lady	 Finger’	 also	 had	 significant	 similarity	 to	 the	 resistant	 control	
‘Williams’.	 However,	 only	 7	 lines	 were	 found	 to	 be	 statistically	 similar	 to	 the	 resistant	
control	 ‘Williams’	 for	 all	 external	 symptom	 scores	 including	 1	 x	 AtBag4+Hsp70	 line,	 1	 x	
Hsp70,	 2	 x	 Hsp90	 and	 3	 x	 OsBag4	 (Appendix	 3,	 Figure	 4).	 Internal	 examination	 of	 the	
transgenic	plants	revealed	that	LF-gfp	had	the	lowest	disease	incidence	of	all	the	susceptible	
controls	 with	 24.1%	 corm	 discoloration,	 followed	 by	 ‘Lady	 Finger’	 wild-type	 (25.5%)	 and	
Malaccensis(S)	(96.4%).	All	resistant	controls	showed	strong	tolerance	to	the	fungus	with	0,	
0.1	and	1.3%	corm	discoloration	for	‘Williams’,	Malaccensis(R)	and	the	transgenic	control	LF-
Apo4-6,	 respectively	 (Figure	3.16).	Of	 the	29	 lines	 tested,	all	13	 lines	showing	significantly	
less	 corm	discoloration	 than	 the	 susceptible	 ‘Lady	Finger’	 controls	also	 showed	significant	
similarity	 to	 the	 resistant	 control	 ‘Williams’	 including	 1	 x	 AtBag4+Hsp70,	 1	 x	 Hsp70,	 2	 x		
Hsp90,7	x	OsBag4,	1	x	mCed-9	and	1	x	p35	line	(Figure	3.16).	
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Figure	3.15.	Quantitative	assessment	of	the	internal	symptoms	of	Foc	race	1	infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	T3.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	1	and	grown	in	the	glasshouse.	After	12	weeks,	the	plants	percentage	corm	discoloration	were	
assessed.	Results	 are	presented	as	 score	means	±	 standard	errors	 (n=	3	biological	 replicates).	 The	
significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	test.	Differences	
were	considered	significant	at	P	<	0.05.	*	=	 statistically	 ‘better’	 than	 the	 susceptible	cultivar	 ‘Lady	
Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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Figure	3.16.	Quantitative	assessment	of	the	internal	symptoms	of	Foc	race	1	infection	on	wild-type	
and	transgenic	 ‘Lady	Finger’	banana	 line	 in	T4.	 	Transgenic	banana	lines	were	inoculated	with	Foc	
race	1	and	grown	in	the	glasshouse.	After	12	weeks,	the	plants	percentage	corm	discoloration	were	
assessed.	Results	 are	presented	as	 score	means	±	 standard	errors	 (n=	3	biological	 replicates).	 The	
significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	test.	Differences	
were	considered	significant	at	P	<	0.05.	*	=	 statistically	 ‘better’	 than	 the	 susceptible	cultivar	 ‘Lady	
Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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3.3.3.2 Summary	of	Trials	1-4	and	Southern	analyses	
In	summary,	four	preliminary	glasshouse	trials	were	done	to	assess	a	total	of	105	transgenic	
‘Lady	Finger’	banana	 lines	 for	 resistance	 to	 Foc	 race	1.	 The	most	promising	of	 these	 lines	
were	selected	for	Southern	analysis	to	determine	the	number	of	transgene	 integrations	 in	
their	genome.	Since	the	results	of	T2	were	inconclusive	due	to	the	low	infectivity	rate	of	the	
susceptible	 controls	 plants,	 19	 transgenic	 lines	 from	 this	 trial	 were	 included	 for	 copy	
number	 analysis.	 For	 T1,	 T3	 and	 T4,	 the	 selection	 was	 based	 on	 the	 performance	 of	
individual	 lines	showing	10%	corm	discoloration	or	 less.	Therefore,	a	 total	of	39lines	were	
selected	from	the	preliminary	trials	 (11	from	T1,	19	from	T2,	6	 from	T3	and	3	from	T4)	to	
progress	 for	 copy	 number	 assessment.	 In	 addition,	 6	 lines	 that	 had	 not	 been	 previously	
tested	in	preliminary	trials	1-4	were	also	included	(LF-AtBag4-8,	LF-AtBag4-52,	LF-AtBag4-69,	
LF-OsBag4-27,	LF-OsBag4-33	and	LF-mCed-9-14)	as	well	as	a	single	transgenic	line	with	the	
gus	reporter	gene	(LF-gus).	
	
As	expected,	no	signals	were	seen	from	DNA	extracts	derived	from	wild-type	control	plants	
(Figure	3.17).	Of	the	45	transgenic	 lines	tested,	11	lines	(24.4%)	had	1	copy,	9	 lines	(20	%)	
had	2	copies,	9	 lines	(20	%)	had	3	copies,	3	 lines	(6.7%)	had	4	copies	and	13	 lines	(28.9%)	
had	 more	 than	 4	 copies	 (Table	 3.6).	 A	 comparison	 of	 the	 integration	 patterns	 of	 lines	
containing	the	same	transgenes	suggested	that,	except	for	two	lines	(AtBag4+Hsp70-46	and	
AtBag4+Hsp70-52),	 all	 other	 lines	had	different	banding	patterns	and,	 as	 such,	must	have	
originated	from	independent	transformation	events.	
	
After	completing	Southern	analysis,	it	was	decided	that	all	lines	containing	1	to	4	transgene-
integrated	copies	(34	lines)	would	be	selected	for	further	glasshouse	bioassay	trials	(T5,	T6	
and	T7).	For	these	trials,	 the	number	of	 inoculated	replicates	per	 line	was	 increased	to	10	
clones	 while	 two	 plants	 from	 each	 transgenic	 line	 were	 also	 used	 as	 non-inoculated	
controls.	Unfortunately,	a	few	selected	lines	from	T1	to	T4	(mainly	AtBag4	lines)	were	lost	
during	the	multiplication	process	due	to	contamination	in	tissue	culture.	Therefore,	a	total	
of	27	transgenic	lines	were	assessed	in	the	glasshouse	trials	of	which	16	lines	were	tested	in	
T5	and	11	lines	were	tested	in	T6	(which	also	included	4	promising	lines	from	T5).	The	level	
of	Foc	race	1	resistance	from	four	of	the	most	promising	available	lines	from	T5	and	T6	were	
then	re-tested	and	confirmed	in	T7.	
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Figure	 3.17.	 Southern	 blot	 analysis	 to	 determine	 transgene	 copy	 number	 in	 transgenic	 ‘Lady	
Finger’	banana	lines.	All	samples	were	digested	with	EcoR1	and	hybridisedwith	NptII-specific	probe.	
M,	23	kb	molecular	weight	marker;	P,	positive	control	plasmid	vector	and	C,	wild-type	control.	All	
blots	exposed	for	30	min.	Results	are	summarisedin	Table	3.6.	
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Table	3.6.	Southern	blot	analysis	-	Results	summary	
Southern	blot	A	
Plant	ID	 Construct	ID	 Southern	ID	 Copy	Number	
LF-AtBag4-34	 pYC2	 1	 3	
LF-AtBag4-45	 pYC2	 2	 1	
LF-AtBag4-46	 pYC2	 3	 1	
LF-AtBag4-57	 pYC2	 4	 2	
LF-AtBag4-59	 pYC2	 5	 1	
LF-AtBag4-66	 pYC2	 6	 >9	
LF-AtBag4-78	 pYC2	 7	 1	
LF-AtBag4-79	 pYC2	 8	 3	
LF-OsBag4-54	 pYC4	 9	 2	
LF-Ced-9-17	 pYC10	 10	 1	
LF-AtBag4+Hsp70-6	 pYC6	 11	 4	
Southern	blot	B	
LF-OsBag4-2	 pYC4	 12	 7	
LF-OsBag4-14	 pYC4	 13	 2	
LF-OsBag4-20	 pYC4	 14	 1	
LF-mCed-9-4	 pYC11	 15	 3	
LF-mCed-9-8	 pYC11	 16	 2	
LF-Hsp70-29	 pYC5	 17	 9	
LF-Hsp70-45	 pYC5	 18	 9	
LF-Ced-9-8	 pYC10	 19	 2	
LF-mCed-9-7	 pYC11	 20	 3	
LF-AtBag4+Hsp70-46	 pYC6	 21	 >9	
LF-AtBag4+Hsp70-52	 pYC6	 22	 >9	
Southern	blot	C	
LF-AtBag4-46	 pYC2	 23	 1	
LF-OsBag4-24	 pYC4	 24	 2	
LF-OsBag4-6	 pYC4	 25	 5	
LF-OsBag4-17	 pYC4	 26	 >9	
LF-Hsp90-8	 pYC8	 27	 1	
LF-Hsp90-9	 pYC8	 28	 >9	
LF-Hsp90-10	 pYC8	 29	 >9	
LF-Hsp70-15	 pYC5	 30	 4	
LF-Ced-9-22	 pYC10	 31	 >9	
LF-mCed-9-6	 pYC11	 32	 3	
LF-AtBag4-66	 pYC2	 33	 >9	
Southern	blot	D	
LF-gus	 pYC12	 34	 >9	
LF-AtBag4-69	 pYC2	 35	 3	
LF-OsBag4-33	 pYC4	 36	 1	
LF-OsBag4-27	 pYC4	 37	 2	
LF-OsBag4-44	 pYC4	 38	 3	
LF-AtBag4+Hsp70-6	 pYC6	 39	 4	
LF-OsBag4-13	 pYC4	 40	 2	
LF-AtBag4-52	 pYC2	 41	 1	
LF-OsBag4-35	 pYC4	 42	 1	
LF-AtBag4-81	 pYC2	 43	 3	
LF-AtBag4+Hsp70-7	 pYC6	 44	 1	
LF-OsBag4-24	 pYC2	 45	 2	
LF-Ced-9-8	 pYC10	 46	 2	
LF-AtBag4-8	 pYC2	 47	 3	
LF-mCed-9-14	 pYC11	 48	 >9	
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3.3.3.3 Final	Foc	glasshouse	trials	(Trial	5-7)	
Glasshouse	trial	five	(T5)	included	16	transgenic	lines	(3	x	AtBag4,	6	x	OsBag4,	2	x	Hsp90,	1	x	
Ced-9	 and	 1	 x	 mCed-9),	 3	 x	 susceptible	 control	 lines	 (‘Lady	 Finger’,	 Malaccensis(S),	
transgenic	LF-gfp)	and	1	x	 resistant	control	 line,	 ‘Williams’	 (Table	3.5).	Glasshouse	 trial	 six	
(T6)	included	11	transgenic	lines	(2	x	AtBag4,	5	x	OsBag4,	1	x	Hsp90,	2	x	AtBag4+Hsp70	and	
1	x	Ced-9),	as	well	as	the	same	controls	included	in	T5.	Four	(4)	lines	previously	tested	in	T5	
(LF-AtBag4-52,	LF-AtBag4-69,	LF-AtBag4-81	and	LF-Ced-9-8)	were	also	re-tested	in	this	trial.	
For	 both	 trials,	 data	 was	 collected	 and	 analysed	 as	 previously	 described	 after	 12	 weeks	
exposure	to	Foc	race	1	in	the	glasshouse.	
	
Previous	reports	have	demonstrated	that	 there	 is	no	direct	statistical	correlation	between	
the	external	symptoms	of	Foc	and	the	 internal	symptoms,	the	 latter	of	which	are	the	true	
measure	 of	 resistance.	 The	 data	 recorded	 from	 Foc	 trials	 1-4	 is	 in	 accordance	with	 these	
observations.	Because	it	is	standard	practice	to	score	and	record	external	symptoms	of	Foc	
at	the	conclusion	of	a	glasshouse	trial,	the	data	for	trials	5-7	has	been	included	in	Appendix	
3,	Figure	5-7	but	only	the	internal	symptoms	scores	are	presented	further	in	this	Chapter.	
	
In	T5,	the	transgenic	LF-gfp	had	the	lowest	disease	incidence	of	all	the	susceptible	controls	
with	32.4%	corm	discoloration,	followed	by	‘Lady	Finger’	(43.1%)	and	Malaccensis(S)	(50.5%)	
(Figure	3.18).	The	resistant	control	 ‘Williams’	showed	strong	tolerance	to	the	disease	with	
only	0.1%	corm	discoloration.	Nine	 lines	had	significantly	 less	corm	discoloration	 than	 the	
susceptible	 control	 ‘Lady	 Finger’,	 however	 only	 line	 LF-OsBag4-33	 showed	 discolorations	
levels	 significantly	 similar	 to	 the	 resistant	 control	 ‘Williams’.	 The	 best	 performing	 lines	 in	
this	trial	contained	a	Bag4	transgene	with	the	best	three	lines	being,	LF-OsBag4-33	(10.2%),	
LF-AtBag4-69	(17.1%)	and	LF-OsBag4-6	(18.3%)	(Figure	3.18	and	3.19).	Other	promising	lines	
included	 LF-OsBag4-26	 (19.5%),	 LF-OsBag4-27	 (20%)	 and	 LF-OsBag4-24	 (20.5%)	 (Figure	
3.18).	 Assessment	 of	 the	 internal	 symptoms	 in	 T6	 revealed	 that	 Malaccensis(S)	 had	 the	
highest	disease	 incidence	with	100%	corm	discoloration	 followed	by	 ‘Lady	Finger’	 (40.5%)	
and	 the	 transgenic	 LF-gfp	 (29.3%)	 (Figure	 3.20).	 The	 resistant	 control	 ‘Williams’	 showed	
strong	tolerance	to	the	disease	with	only	0.2%	corm	discoloration	(Figure	3.20).	Statistically,	
10	out	of	the	15transgenic	lines	had	significantly	less	discoloration	than	the	susceptible	
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Figure	3.18.	Quantitative	assessment	of	the	internal	symptoms	of	Foc	race	1	infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	 T5.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	1	and	grown	in	the	glasshouse.	After	12	weeks,	the	plants	percentage	corm	discoloration	were	
assessed.	Results	are	presented	as	score	means	±	standard	errors	(n=	10	biological	replicates).	The	
significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	test.	Differences	
were	considered	significant	at	P	<	0.05.	*	=	 statistically	 ‘better’	 than	 the	 susceptible	cultivar	 ‘Lady	
Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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Figure	3.19.	Representative	pictures	of	the	internal	symptom	of	Foc	race	1	infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	 banana	 plants	 12	 weeks	 post-inoculation.	 Susceptible	 wild-type	
cultivar	 ‘Lady	 Finger’,	 resistant	 wild-type	 cultivar	 ‘Williams’	 as	 well	 as	 the	 three	 independent	
transgenic	 ‘Lady	 Finger’	 banana	 lines	 LF-Ced-9-8,	 LF-AtBag4-69	 and	 LF-OsBag4-33	 (harboring	 the	
Ced-9,	AtBag4	and	OsBag4	transgenes	respectively)	are	shown.		
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control	 ‘Lady	 Finger’.	However,	 none	of	 the	 lines	had	 corm	discoloration	 levels	 that	were	
statistically	 similar	 to	 the	 resistant	 control	 ‘Williams’.	The	best	performing	 lines	 in	T6	also	
contained	a	Bag4	transgene	with	the	best	three	lines	being,	LF-AtBag4-69	(17.6	%),	LF-Ced-
9-8	(20.2%),	LF-OsBag4-14	(20.6%)	and	LF-AtBag4-8	(21.3%)	(Figure	3.20).	A	summary	of	the	
performance	of	each	line	in	T5	and	T6	based	on	percentage	corm	discoloration	is	presented	
in	Table	3.7.	
	
Following	 the	 assessment	 of	 105	 transgenic	 ‘Lady	 Finger’	 lines	 in	 the	 previous	 six	
glasshouses	trials,	a	final	trial	(T7)	was	done	to	re-test	the	most	promising	lines	against	Foc	
race	1.	The	lines	included	in	this	trial	were	selected	based	on	a	combination	of	glasshouse	
performance	 against	 Foc	 race	 1	 in	 T1-T6	 and	 availability	 in	 tissue	 culture.	 As	 such,	
glasshouse	trial	seven	(T7;	Table	3.5)	included	4	transgenic	lines,	namely	LF-OsBag4-33,	LF-
AtBag4-52,	 LF-AtBag4-69and	 LF-AtBag4-81.	 It	 also	 included	 susceptible	 control	 lines	 ‘Lady	
Finger’	and	Malaccencis(S),	the	resistant	control	lines,	‘Williams’	and	Malaccencis(R)	and	the	
transgenic	lines	LF-gfp	and	LF-Apo4-6.	Data	was	collected	from	all	plants	and	both	external	
(Appendix	 3,	 Figure	 7)	 and	 internal	 symptoms	 were	 assessed	 12	 weeks	 post-inoculation.	
When	the	 internal	symptoms	of	the	controls	were	assessed,	the	average	percentage	corm	
discoloration	of	the	susceptible	controls	were	Malaccensis(S)	(95.3%),	‘Lady	Finger’	(41.1%)	
and	LF-gfp	(24.5%)	while	the	three	resistant	lines	‘Williams’,	Malaccensis(R)	and	LF-Apo4-6	
had	only	 0%,	 0%	and	0.6%	 corm	discoloration,	 respectively.	 The	 statistical	 analysis	 of	 the	
internal	symptoms	revealed	that	whilst	all	four	transgenic	lines	tested	had	significantly	less	
corm	discoloration	than	the	susceptible	control	‘Lady	Finger’,	none	were	significantly	similar	
to	the	resistant	control	‘Williams’	(Figure	3.21	and	3.22).	
	
At	 the	 completion	 of	 T7,	 leaf	 samples	were	 collected	 from	 the	most	 promising	 lines	 (LF-
OsBag4-33,	LF-AtBag4-52,	LF-AtBag4-69	and	LF-AtBag4-81),	two	additional	OsBag4	lines	(LF-
OsBag4-13	and	LF-OsBag4-35)	as	well	as	from	one	LF-gfp	line.	Relative	transgene	expression	
was	evaluated	in	these	lines	using	quantitative	real-time	PCR.		
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Figure	3.20.	Quantitative	assessment	of	the	internal	symptoms	of	Foc	race	1	infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	T6.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	1	and	grown	in	the	glasshouse.	After	12	weeks,	the	plants	percentage	corm	discoloration	were	
assessed.	Results	are	presented	as	score	means	±	standard	errors	(n=	10	biological	replicates).	The	
significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	test.	Differences	
were	considered	significant	at	P	<	0.05.	*	=	 statistically	 ‘better’	 than	 the	 susceptible	cultivar	 ‘Lady	
Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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Table	3.7.	Ranking	of	transgenic	lines	after	trial	5	and	6	
Ranking	based	on	percentage	(%)	corm	discoloration.	Lines	in	red	were	selected	for	Trial	7	based	on	their	availability	in	tissue	culture	(TC).		
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Figure	3.21.	Quantitative	assessment	of	the	internal	symptoms	of	Foc	race	1	infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	T7.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	1	and	grown	in	the	glasshouse.	After	12	weeks,	the	plants	percentage	corm	discoloration	were	
assessed.	Results	are	presented	as	score	means	±	standard	errors	(n=	10	biological	replicates).	The	
significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	test.	Differences	
were	considered	significant	at	P	<	0.05.	*	=	 statistically	 ‘better’	 than	 the	 susceptible	cultivar	 ‘Lady	
Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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Figure	3.22.	Representative	pictures	of	the	internal	symptom	of	Foc	race	1	infection	on	transgenic	
‘Lady	 Finger’	banana	plants	12	weeks	post-inoculation.	Five	 independent	transgenic	 ‘Lady	Finger’	
banana	lines	harboring	the	Bcl-2	3’UTR	(Apo4),	OsBag4	and	AtBag4	transgenes	are	shown.	
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3.3.4 Relative	transgene	expression	analysis	using	real-time	quantitative	PCR	(RT-qPCR).	
The	 seven	 lines	 mentioned	 above	 were	 screened	 for	 the	 presence	 of	 transgene-specific	
transcripts	 using	 semi-quantitative	 RT-PCR.	 DNase-treated	 RNA	 extracts	 (Chapter	 2.3.1.2)	
from	the	seven	samples	were	 initially	electrophoresed	through	a	2%	agarose	gel	 to	assess	
the	quality	of	the	extracts	(Figure	3.23,	A).	The	extracts	were	then	assessed	for	the	presence	
of	 contaminating	 DNA	 by	 conventional	 PCR	 using	 actin-specific	 primers	 (Table	 3.3).	 The	
absence	of	amplification	products	indicated	the	absence	of	contaminating	DNA	(Figure	3.23,	
B).		
	
Complementary	 DNA	was	 subsequently	 synthesised	 from	 1	 μg	 of	 each	 of	 the	 seven	 RNA	
extracts	 and	 was	 initially	 used	 to	 detect	 the	 presence	 of	 transcripts	 from	 the	 clathrin	
adaptor	 complexes	 (CAC)	 and	 the	 ribosomal	 protein	 S2	 (RPS2)	 housekeeping	 genes	
(reference	genes	later	used	during	RT-qPCR).	Using	50	ng	of	cDNA	as	template,	amplicons	of	
the	 expected	 size	 for	 the	 CAC	 and	RPS2	 transcripts	were	 observed	 in	 all	 samples	 (Figure	
3.24,	 A	 and	 B).	 Following	 successful	 amplification	 of	 transcripts	 from	 both	 housekeeping	
genes,	 the	 presence	 of	 transgene-specific	 transcripts	 was	 assessed	 by	 conventional	 PCR	
using	qPCR	transgenes-specific	primers	for	OsBag4,	AtBag4	and	gfp	as	previously	described	
in	Table	3.3.	As	shown	in	Figure	3.24,	C	and	D,	amplicons	of	the	expected	size	were	detected	
in	the	respective	extracts	derived	from	the	six	OsBag4/AtBag4	transgenic	lines	tested.	
	
The	primer	efficiency	was	 then	assessed	 for	 each	primer	pair	using	qPCR,	 and	a	 standard	
curve	was	generated	from	seven	point	serial	doubling	dilutions	of	the	cDNA	template	(each	
in	triplicate).	The	results	(cycle	threshold	or	CT	values)	were	plotted	against	the	Log10	of	each	
dilution	 factor.	 The	 linear	 regression	 obtained	 for	 each	 primer	 set	 was	 superior	 to	 0.97	
indicating	 good	 primer	 specificity	 and	 amplification	 efficiency	 (Table	 3.8).	 Validation	 and	
stability	assessment	of	the	reference	gene	using	the	∆∆CT	method	and	the	geNorm	software	
indicated	that	both	reference	genes	tested	 in	this	study	were	stable	enough	to	be	used	 in	
combination	for	normalisation	in	transgene	expression	experiments.	
	
Consequently,	 an	 RT-qPCR	 experiment	 was	 performed	 for	 the	 detection	 and	 relative	
quantification	of	the	three	genes	of	interest,	namely	AtBag4,	OsBag4	and	gfp,	in	the	seven		
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Figure	 3.23.	 Representative	 agarose	 gels	 of	 the	 PCR	 screenings.	 A,	 RNA	 extractions	 and	 B,	 PCR	
screening	for	DNA	contamination	using	actin	primers.	M,	molecular	weight	marker	2-log	DNA	ladder	
(NEB);	 P,	 positive	 control	 plasmid	 and	 C,	 non-template	 control.	 Lanes	 numbered	 are	 transgenic	
banana	lines.	All	products	were	separated	on	a	1.5	%	agarose	gel	in	TAE	and	electrophoresed	at	100	
V	for	1	h.	
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Figure	3.24.	Representative	agarose	gels	of	the	RT-PCR.	A,	amplification	of	CAC;	B,	amplification	of	
RPS2;	C,	amplification	of	OsBag4	and	D,	amplification	of	AtBag4	using	gene	specific	primers.	M,	
molecular	weight	marker	2-log	DNA	 ladder	 (NEB);	P,	positive	control	plasmid	and	C,	non-template	
control.	 Lanes	 numbered	 are	 transgenic	 banana	 lines.	 All	 products	 were	 separated	 on	 a	 1.5	 %	
agarose	gel	in	TAE	and	electrophoresed	at	100	V	for	1	h.	
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Table	3.8.		Primer	optimisation	and	PCR	efficiency	using	real-time	PCR	
Gene	
PCR	
efficiency	
Correlation	
coefficient	(R2)	
Slope	
CAC	 1.04	 0.98	 -3.237	
RPS2	 0.86	 0.99	 -3.712	
UBI-1	 1.06	 0.98	 -3.184	
gfp	 1.00	 0.99	 -3.332	
OsBag4	 0.98	 0.99	 -3.372	
AtBag4	 1.02	 0.97	 -3.263	
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selected	lines	(LF-OsBag4-13,	LF-OsBag4-33,	LF-OsBag4-35,	LF-AtBag4-52,	LF-AtBag4-69	and	
LF-AtBag4-81	and	LF-gfp),	using	RPS2	and	CAC	as	reference	genes	and	the	∆∆CT	method	as	
described	in	section	2.4.3.3.1.	
	
The	expression	of	the	AtBag4	transgene	was	assessed	in	four	plants	of	each	of	the	lines	LF-
AtBag4-52,	LF-AtBag4-69	and	LF-AtBag4-81	(three	Foc	race	1-inoculated	plants	and	one	non-
inoculated	plant).	The	fold	change	in	gene	expression	in	the	inoculated	plants	relative	to	the	
expression	in	the	non-inoculated	plant	was	calculated	with	the	∆∆CT	method	and	presented	
in	 Figure	 3.25.	 The	 expression	 levels	 of	AtBag4	 in	 all	 the	 plants	 were	 then	 expressed	 in	
relation	to	the	expression	of	AtBag4	in	the	non-inoculated	plant	of	line	LF-AtBag4-52	(Figure	
3.25,	 A).	 These	 analyses	 indicated	 that	 the	 expression	 of	 AtBag4	 in	 the	 non-inoculated	
plants	of	lines	was	variable	with	a	58%	drop	in	line	LF-AtBag4-69	and	a	26	%	increase	in	line	
LF-AtBag4-81	(Figure	3.25,	A.).	The	expression	of	AtBag4	in	the	inoculated	plants	of	line	LF-
AtBag4-52	varied	considerably	from	a	0.8-fold	drop	in	expression	to	a	2.9-fold	increase.	Line	
LF-AtBag4-81	was	similar	with	variations	in	expression	in	the	inoculated	plants	ranging	from	
0.4	to	3.2-fold.	The	expression	of	AtBag4	was	by	far	the	most	stable	in	the	inoculated	plants	
of	line	LF-AtBag4-69	ranging	from	only	0.2	to	0.5-fold	(Figure	3.25,	A.).	
	
The	expression	of	the	OsBag4	transgene	was	also	assessed	in	four	plants	of	each	of	the	lines	
LF-OsBag4-13,	 LF-OsBag4-33,	 LF-OsBag4-35	 (three	 Foc	 race	 1-inoculated	 plants	 and	 one	
non-inoculated).	The	fold	change	in	gene	expression	was	calculated	as	described	previously	
and	the	expression	levels	of	OsBag4	 in	all	the	plants	was	then	expressed	in	relation	to	the	
expression	 of	OsBag4	 in	 the	 non-inoculated	 plant	 of	 line	 LF-OsBag4-13	 (Figure	 3.25,	 B).	
Similar	 to	 the	 results	 seen	 for	 the	expression	of	AtBag4,	 the	expression	of	OsBag4	 in	 the	
non-inoculated	 plants	 of	 linesLF-OsBag4-13,	 LF-OsBag4-33	 and	 LF-OsBag4-35	 was	 highly	
variable	and	dropped	by	96%	and	80%	in	lines	LF-OsBag4-33	and	LF-OsBg4-35,	respectively.	
With	the	exception	of	inoculated	plant	1	from	line	LF-OsBag4-35,	the	expression	of	OsBag4	
in	 all	 other	 inoculated	 plants	 of	 lines	 LF-OsBag4-13,	 LF-OsBag4-33	 and	 LF-OsBag4-35	was	
reduced	by	more	than	70%	with	respect	to	the	non-inoculated	plant	of	line	LF-OsBag4-13.	
	
Finally,	the	expression	of	the	gfp	reporter	transgene	was	also	assessed	in	four	plants	but	of	
a	single	line	LF-gfp	(three	Foc	race	1-inoculated	plants	and	one	non-inoculated).	The	fold		
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Figure	3.25.	Relative	expression	 levels	 in	 the	 leaves	of	Foc	 race	1	 inoculated	and	non-inoculated	
transgenic	banana	lines	expressing	AtBag4,	OsBag4	and	gfp.	Plants	were	artificially	inoculated	with	
Foc	 race	 1	 and	 the	 second	 youngest	 leaf	 was	 collected	 from	 all	 tested	 plants	 6	 weeks	 post-
inoculation.	The	relative	expression	levels	were	normalised	to	the	quantities	of	both	RPS2	and	CAC	
reference	genes.	Results	are	expressed	relative	the	expression	levels	of	the	non-inoculated	plants	of	
lines	 LF-AtBag4-52	 in	A,	 LF-OsBag4-13	 in	B	 and	 the	non-inoculated	 LF-gfp	plant	 in	C.	 For	 LF-gfp	 I=	
infected.	Results	are	means	±	SD	(n=	3	biological	replicates).	
	
	
	
 	
 
123	
change	in	gene	expression	was	calculated	as	described	previously	and	the	expression	levels	
of	gfp	 in	all	 the	 inoculated	plants	were	expressed	 in	 relation	 to	 the	gfp	 expression	 in	 the	
non-inoculated	plant	(Figure	3.25,	C).	The	results	indicated	an	increase	in	gene	expression	in	
the	 Foc	 race	 1	 inoculated	 plants	 by	 up	 to	 2.2-fold.	 Table	 3.9	 shows	 a	 summary	 of	 the	
expression	 analysis	 highlighting	 the	 lack	 of	 a	 correlation	 between	 expression	 level,	
transgene	copy	number	and	level	of	Foc	race	1	resistance	in	the	six	lines	tested.	
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Table	3.9.	Summary	of	expression	analysis	and	correlation	with	available	data	
	
*	Values	are	means	for	all	four	plants	tested.	
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3.4 Discussion	
As	 a	 hemi-biotroph,	 part	 of	 the	 life	 cycle	 of	 Foc	 is	 spent	 as	 a	 necrotroph	 during	which	 it	
activates	 a	 programmed	 form	 of	 cell	 death	 known	 as	 apoptosis	 in	 its	 host	 to	 initiate	 an	
infection	 (Trusov	 et	 al.,	 2006;	 Desmond	 et	 al.,	 2008;	 Paul,	 2009).	 By	 controlling	 this	
mechanism,	 Foc	 has	 continuous	 access	 to	 nutritious	 substrate	 allowing	 it	 to	 thrive	 and	
progressively	spread	through	the	banana	host.	As	a	possible	way	of	stopping	the	spread	of	
Foc	 race	 1	 during	 the	 necrotrophic	 phase	 of	 its	 life	 cycle,	 the	 over-expression	 of	 anti-
apoptosis	 genes	 in	 transgenic	 ‘Lady	 Finger’	 banana	was	 investigated.	 In	 this	 Chapter,	 118	
putative	 transgenic	 ‘Lady	 Finger’	 banana	 lines	 transformed	with	 a	 range	of	 anti-apoptotic	
genes	were	characterised	by	PCR	and	105	confirmed	transgenic	lines	were	challenged	with	
Foc	 race	1	 in	 four	preliminary	 small	plant	glasshouse	bioassays	 (based	on	3	 replicates	per	
line).	Following	these	assays,	34	promising	lines	and	6	newly	introduced	lines	were	selected	
for	Southern	analysis	and	only	29	of	those	(with	1-4	copied	of	the	transgene)	were	selected	
for	 a	 final	 round	 of	 Foc	 race	 1	 challenges	 based	 on	 10	 replicates	 per	 line.	 The	 6	 most	
promising	resistant	lines	were	analysed	further	and	our	data	suggest	that	there	was	no	clear	
correlation	between	the	level	of	transgene	expression,	the	level	of	resistance	to	Foc	race	1	
and	the	number	of	transgene-integrated	copies	in	these	lines.	
	
The	time	from	production	of	the	explant	to	regeneration	of	a	transgenic	banana	plant	can	
take	 up	 to	 24	 months,	 therefore	 in	 a	 crop	 such	 as	 banana	 it	 is	 crucial	 to	 maximise	
transformation	efficiency.	High	transformation	efficiency	coupled	with	clean	 integration	of	
the	expression	cassettes	in	low	copy	number	is	paramount	to	the	generation	of	transgenic	
lines	 with	 a	 commercial	 future.	 Following	 transformation	 and	 selection,	 a	 total	 of	 118	
putative	 transgenic	banana	plants	were	 germinated	on	 rooting	media.	 Prior	 to	 challenges	
with	 Foc,	 putatively	 transformed	 banana	 plantlets	 were	 initially	 screened	 by	 PCR	 for	 the	
presence	 of	 the	 transgene	 and	 112	 transformants	 (95%)	 were	 identified,	 none	 of	 which	
contained	 residual	 Agrobacterium.	 These	 observations	 confirmed	 the	 efficiency	 of	 the	
Agrobacterium-mediated	 transformation	 method	 used	 together	 with	 a	 very	 effective	
antibiotic	selection	process.		
	
Agrobacterium-mediated	 transformation	 is	 the	 preferred	 method	 for	 transformation	
because	it	usually	yields	transgenic	plants	with	low	numbers	of	integrated	transgene	copies	
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(Shewry	and	 Jones,	2005;	Bartlett	 et	al.,	2008;	 Jackson	 et	al.,	2013).	Dicotyledonous	plant	
species	 (dicots)	 are	 susceptible	 to	 Agrobacterium	 tumefaciens,	 therefore	 Agrobacterium-
infection	 represses	 host	 defence	 response	 genes	 in	 these	 plants	 to	 establish	 an	 infection	
(Gohlke	 and	 Deeken,	 2014).	 As	 such,	 even	 though	 bacterial	 proteins	 are	 transferred	
successfully	 into	 the	 plant	 cell,	most	 Agrobacterium	 strains	 do	 not	 elicit	 a	 hypersensitive	
response	 (HR)	 in	 dicots	 (Jiang	 et	 al.,	 2003).	 In	 contrast,	 monocotyledonous	 plant	 species	
(monocots)	such	as	banana	are	not	natural	hosts	for	Agrobacterium	and	as	such	are	usually	
recalcitrant	 to	 Agrobacterium-mediated	 transformation.	 The	 typical	 pathogen	 defence	
response	 associated	with	 the	HR	 is	 usually	 exhibited	 in	 these	plants	 following	 inoculation	
with	Agrobacterium	and	is	well	documented	in	monocots	such	as	maize,	wheat	or	banana	
(Hansen,	2000;	Parrott	et	al.,	2002;	Khanna	et	al.,	2004).	For	example,	banana	embryogenic	
cells	 exposed	 to	 Agrobacterium	 have	 been	 shown	 to	 exhibit	 features	 associated	 with	
programmed	cell	death	(Khanna	et	al.,	2007).	Despite	these	challenges,	significant	advances	
have	been	made	to	improve	the	Agrobacterium-mediated	transformation	protocols	of	many	
monocots	species	such	as	 rice,	wheat,	maize,	barley,	 sorghum	and	banana	to	name	a	 few	
(May	et	al.,	1995;	Ishida	et	al.,	1996;	Cheng	et	al.,	1997;	Tingay	et	al.,	1997;	Khanna	et	al.,	
2004).		
	
Many	 factors	 can	 influence	 the	 success	 of	 Agrobacterium-mediated	 transformation	
procedures	including	plant	genotype,	explant	type,	Agrobacterium	strain	and	binary	vector.	
The	Agrobacterium	strain	AGL1	that	was	used	for	generating	the	transgenic	banana	plants	
used	 in	this	study	has	been	engineered	with	the	hypervirulent	Ti	plasmid,	pTiBo542	which	
contains	additional	vir	genes	from	the	Agrobacterium	strain	A281	(Jin	et	al.,	1987).	As	such,	
AGL1	 is	 very	 efficient	 at	 transferring	 its	 T-DNA	 into	 plant	 cells	 and	 was	 an	 important	
component	in	the	development	of	our	reliable	banana	transformation	protocol	(Khanna	et	
al.,	 2004).	 However,	 loss	 of	 cell	 viability	 following	 exposure	 to	 Agrobacterium,	 AGL1	 in	
particular	is	still	a	major	constraint	to	banana	transformation.	The	early	transient	expression	
of	 anti-apoptosis	 genes	 during	 the	 co-culture	 period	 has	 been	 shown	 to	 have	 a	 strong	
cytoprotective	 effect	 on	 the	 banana	 embryogenic	 cells	 resulting	 in	 a	 dramatic	 increase	 in	
transformation	efficiency	and	confirming	the	apoptotic	nature	of	the	cell	death	mechanisms	
involved	(Khanna	et	al.,	2007).		
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The	 important	 prerequisite	 for	 a	 pathogen	 screening	 bioassay	 is	 an	 efficient	 inoculation	
method	that	translates	into	high	infectivity/mortality	rate	into	the	susceptible	controls.	For	
Foc,	this	is	usually	achieved	with	infectious	Foc	isolates	combined	with	an	unfertile	and	non-
permeable	 soil	 mixture	 (Rishbeth,	 1957).	 In	 previous	 studies,	 this	 was	 achieved	 using	 an	
adaptation	of	the	method	described	by	(Smith	et	al.,	2008)	using	a	mix	of	sand	and	gravel,	
which	promotes	microscopic	wounding	of	 the	roots,	and	perlite	and	vermiculite	 to	permit	
aeration	 and	 drainage	 (Paul,	 2009).	 Although	 efficient,	 the	 method	 has	 2	 main	
disadvantages:	(i)	the	soil	mixture	used	is	a	poor	representation	of	that	normally	occurring	
in	natural	 field	 conditions	and	 (ii)	 the	 sand	and	gravel	mixture	 is	 very	heavy	and	 requires	
considerable	 effort	 during	 the	 planting	 and	 for	 assessment	 of	 corm	 discoloration	 at	 the	
completion	of	the	assay.	Therefore,	for	all	the	assays	conducted	in	this	study	a	potting	mix	
consisting	of	2	parts	of	sterilised	soil	for	1	part	of	perlite	and	1	part	of	vermiculite	was	used.	
Using	 this	 method,	 an	 infection	 rate	 of	 only	 18.8%	 and	 8.9%	 vascular	 discoloration	 was	
obtained	in	the	susceptible	‘Lady	Finger’	plants	in	trials	1	and	2,	respectively.	Similarly,	the	
susceptible	 Malaccensis(S)	 showed	 only	 14.4%	 and	 24.4%	 vascular	 discoloration	
respectively.	Foc	race	1	infectivity	rates	in	‘Lady	Finger’	banana	are	reported	on	average	to	
be	between	45	and	50%	vascular	discoloration	using	the	sand	and	gravel	mix,	while	no	data	
is	 available	 for	 Malaccensis(S)	 (Paul	 et	 al.,	 2011).	 Considering	 that	 across	 the	 four	
preliminary	trials	done	in	our	study	the	average	vascular	discoloration	for	‘Lady	Finger’	was	
only	21.1%,	these	results	were	considered	only	indicative	and	allowed	us	to	pre-select	lines	
for	trials	5-7.	Whether	this	poor	performance	was	due	to	the	fitness	of	the	Foc	race	1	isolate	
used	or	a	change	in	the	assay	condition	is	not	known.	Across	trial	5,	6	and	7,	for	which	the	
number	 of	 replicates	 was	 increased	 to	 10,	 the	 average	 vascular	 discoloration	 for	 ‘Lady	
Finger’	was	41.6%	which	is	more	in	accordance	with	what	has	been	reported	in	the	past.	
	
Each	 trial	 included	 additional	 ‘Lady	 Finger’	 susceptible	 controls	 lines	 transformed	 with	 a	
reporter	gene,	ether	gfp	and	gus.	No	meaningful	conclusion	could	be	drawn	from	these	lines	
across	 trials	1-4	because	of	 the	 low	 infectivity	rate	 in	 the	 ‘Lady	Finger’	susceptible	control	
plants.	However,	across	trials	5-7,	an	average	at	28.5%	vascular	discoloration	was	observed	
in	 the	 LF-gfp	 line	 compared	 to	 41.6%	 for	 the	 ‘Lady	 Finger’	 susceptible	 controls.	Without	
further	molecular	scrutiny	of	the	GPF	line,	it	is	very	difficult	to	know	whether	this	increased	
tolerance	to	Foc	race	1	is	due	to	the	integration	pattern	of	the	T-DNA	insert/s,	the	possible	
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creation	of	a	novel	open	reading	frame	(ORF)	or	the	alteration	of	an	existing	ORF	negatively	
regulating	disease	resistance	in	banana.		
	
Instability	 of	 transgene	 expression	 can	 sometime	 be	 associated	 with	 multiple	 integrated	
copies	of	the	transgene(s)	(Yao	et	al.,	2006).	Indeed,	transgene-silencing	mechanisms	can	be	
triggered	in	transgenic	plants	with	a	high	number	of	integrated	transgene	copies	leading	to	
inhibition	 of	 transgene	 expression,	 through	 transcriptional	 gene	 silencing	 (TGS)	 or	 post-
transcriptional	gene	silencing	(PTGS)	(Stam	et	al.,	1997;	Anand	et	al.,	2003;	Howarth	et	al.,	
2005).	 Therefore,	 simple	 transgene	 integration	 patterns	 usually	 consisting	 of	 a	 single	
integration	event	increase	the	likelihood	of	stably	expressed	transgenes	and	their	successful	
transmission	 to	 successive	 generations,	 and	 such	 patterns	 are	 sometimes	 imposed	 by	
regulatory	agencies	(Jones,	2005).	From	the	40	transgenic	banana	lines	for	which	Southern	
analysis	were	 done	 in	 this	 study,	 only	 25%	 (10	 lines)	 had	 a	 single	 integrated	 copy	 of	 the	
transgene	while	32.5%	(13	lines)	had	more	than	4	copies.	Whether	the	unusual	amount	of	
high	 copy	 number	 transgenic	 lines	 following	Agrobacterium	 transformation	 is	 a	 results	 of	
the	 ‘over	 efficacy’	 of	 the	 AGL1	 stain	 of	 Agrobacterium	 or	 an	 artefact	 of	 poorly	 digested	
gDNA	prior	to	Southern	blotting	is	unknown.	Typically,	a	second	restriction	enzyme	is	used	
to	 further	 validate	 the	 results	 but	 due	 to	 time	 constrains,	 none	 of	 the	 Southern	 analysis	
could	 be	 repeated	with	 a	 different	 enzyme.	 Transgenic	 banana	 lines	 originating	 from	 the	
same	 transformation	 protocol	 and	 also	 containing	 high	 numbers	 of	 transgene	 integrated	
copies	have	been	reported	previously	(Paul,	2009).	In	this	report,	the	results	were	attributed	
to	the	inability	to	fully	digest	gDNA	prior	to	Southern	analysis.	
	
Following	determination	of	copy	number	by	Southern	analysis,	29	 independent	 transgenic	
lines	 containing	4	 copies	or	 less	of	 the	 transgene	were	 selected	 to	be	 re-assessed	against	
Foc	 race	 1	 in	 another	 three	 independent	 glasshouse	 trials	 (T5	 to	 T7).	 In	 these	 trials,	
additional	 replicates	 of	 each	 line	 (10)	 were	 inoculated	 to	 increase	 statistical	 power	 and	
provide	more	confidence	in	the	results.	Only	27	of	these	lines	were	actually	tested	in	trials	5	
and	6	due	to	microbial	contamination	in	tissue	culture.	In	addition	to	contamination	issues,	
the	 length	 of	 time	 necessary	 to	multiply	 some	 lines	 to	 the	 required	 number	 has	 been	 a	
major	 limitation	 to	 this	 project.	 Indeed,	 following	 trial	 5	 and	 6,	 the	 best	 performing	 lines	
could	 not	 be	 carried	 through	 to	 trial	 7	 and	 instead	 the	 line	 selection	 was	 based	 on	 the	
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availability	of	10	replicates	per	line	in	tissue	culture.	Therefore,	only	four	lines	had	sufficient	
numbers	of	replicates	and	were	therefore	carried	through	to	trial	7.	Following	this	trial	we	
investigated	whether	there	was	a	correlation	between	the	performances	of	these	four	lines	
against	 Foc	 race	 1	 and	 the	 levels	 of	 transgene	 expression.	 For	 completeness,	 expression	
levels	were	also	examined	in	two	additional	OsBag4	lines	and	one	gfp	line.	
	
RT-qPCR	analysis	 revealed	no	direct	correlation	between	the	 levels	of	observed	resistance	
against	Foc	in	those	lines,	the	number	of	integrated	copies	of	the	transgene	and	the	levels	
of	 transgene	expression.	 Since	 statistical	 analysis	was	not	performed	 for	 this	 data	 set,	 no	
meaningful	 conclusion	 could	 be	 drawn.	However,	 the	 data	 still	 suggest	 that	 the	 two	best	
lines	 LF-AtBag4-69	 and	 LF-OsBag4-33	 had	 the	 lowest	 level	 of	 transgene	 expression,	
consistently	across	all	plants	tested	and	independent	of	whether	the	plant	was	inoculated	or	
not.	 This	 observation	 might	 suggest	 that	 low	 constitutive	 and	 possibly	 root	 specific	
expression	of	these	genes	is	sufficient	to	significantly	increase	the	resistance	of	‘Lady	Finger’	
banana	 to	 Foc	 race	1.	Unfortunately,	 antibodies	 to	 all	 proteins	used	 in	 this	 study	 are	not	
commercially	 available	 and	 therefore	 a	 cross	 comparison	 between	 transcript	 levels	
(obtained	by	RT-qPCR)	 and	protein	 levels	 could	not	 be	made.	 This	 data	would	be	 a	 great	
addition	 to	 help	 understand	whether	 or	 not	 low-level	 expression	 is	 sufficient	 to	 generate	
and	maintain	resistance	to	Foc	race	1.	
	
Before	 every	 glasshouse	 trial,	 8	 weeks	 old	 plants	 were	 systematically	 examined	 for	
phenotypic	 abnormalities.	 Of	 all	 the	 lines	 tested,	 only	 line	 LF-AtBag4-69	 showed	 an	
abnormal	phenotype	of	reduced	leaf	lamina	in	every	plant	tested.	Interestingly,	plants	from	
this	line	also	showed	increased	resistance	to	Foc	race	1.	Disrupting	PCD	by	over	expressing	
anti-apoptosis	genes	such	as	Bag4	could	alter	the	normal	growth	and	development	of	plants	
and	 result	 in	 the	 occurrence	 of	 abnormal	 or	 atypical	 phenotypes	 (Kuriyama	 and	 Fukuda,	
2002).	 The	 potential	 negative	 effects	 of	 anti-apoptosis	 genes	 over-expression	 on	 plant	
development	have	been	extensively	 reported	 in	 the	 literature.	For	example,	 tobacco	 lines	
over-expressing	high	levels	of	Bcl-2,	Bcl-xL	or	Ced-9	showed	abnormalities	like	male	sterility,	
stunting,	stem	bleaching,	flower	deformation	and	altered	leaf	pigmentation,	whereas	plants	
expressing	lower	levels	of	the	proteins	were	phenotypically	normal	(Dickman	et	al.,	2001;	Xu	
et	al.,	2004).	Similarly	the	expression	of	these	genes	in	‘Lady	Finger’	banana	resulted	in	10	
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lines	with	altered	phenotypes	out	of	41	 lines	analysed	 (24%)	 (Paul,	2009).	The	phenotype	
observed	in	9	out	of	these	10	lines	were	‘off-types’	commonly	observed	in	tissue-cultured,	
non-transgenic	 banana	 plants	 (Israeli	 et	 al.,	 1991)	 and	 were	 therefore	 unlikely	 to	 be	
transgene-related.	It	is	interesting	to	note	that	the	over-expression	of	transgenes	from	plant	
or	viral	origins	 (as	opposed	 to	animal-derived	 transgenes)	 in	 the	current	 study	 resulted	 in	
only	one	abnormal	line	out	of	the	105	tested	in	the	glasshouse	(0.95%).	
	
In	conclusion,	this	study	described	the	molecular	characterisation	of	transgenic	‘Lady	Finger’	
banana	 plants	 expressing	 the	 anti-apoptosis	 genes	AtBag4,	 OsBag4,	 Ced-9,	 mCed-9,	 p35,	
AtBI-1,	 Hsp70,	 Hsp90	 and	 a	 combination	 of	 AtBag4+Hsp70.	 The	 ability	 of	 these	 genes	 to	
confer	resistance	to	Fusarium	oxysporum	f.	sp.	cubense	race	1,	was	investigated.	The	work	
presented	 in	 this	Chapter	has	provided	evidence	 that	 anti-apoptosis	 genes	of	plant	origin	
such	 as	 OsBag4	 and	 AtBag4	 can	 be	 successfully	 over-expressed	 in	 banana	 to	 confer	
resistance	against	Foc	 race	1.	With	 the	 looming	 threat	of	Foc	 tropical	 race	4	 (TR4)	on	 the	
global	banana	industry,	these	results	are	of	great	importance.	The	promising	lines	generated	
here	 will	 eventually	 require	 testing	 under	 field	 conditions	 against	 Foc	 race	 1	 and	 TR4,	
through	several	generations.	Only	under	these	conditions	could	the	efficacy	of	using	these	
genes	 against	 Foc	 be	 validated.	 To	 avoid	 the	 possible	 consequences	 associated	 with	 the	
over-expression	of	genes	involved	in	plant	growth	and	development,	transgene	expression	
will	need	to	be	tightly	controlled	in	time	and	space.	Therefore,	investigation	into	the	use	of	
root-specific-,	 or	 pathogen-inducible	 promoters	 is	 currently	 underway	 as	 an	 extension	 of	
this	 project.	 As	 researchers	 are	 moving	 toward	 better	 ways	 of	 engineering	 genetically	
modified	 crops,	 intragenic	 approaches	 are	 being	 developed	 whereby	 the	 specific	 genetic	
elements	 from	 a	 plant	 are	 recombined	 in-vitro	 and	 the	 resulting	 expression	 cassettes	
inserted	back	 into	a	plant	belonging	 to	 the	same	sexual	compatibility	group.	Ultimately,	a	
cisgenic	approach	using	a	gene	from	a	sexually	compatible	pool	and	controlled	by	 its	own	
regulatory	elements	(5’	and	3’	UTRs	and	introns)	should	be	the	gold	standard	of	GM	banana.	
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Chapter	4	-	Development	and	optimisation	of	an	 in-vitro	screening	
assay	for	Fusarium	oxysporum	f.	sp.	cubense	race	1	
	
4.1	Introduction	
Fusarium	wilt	of	banana,	caused	by	the	pathogen	Fusarium	oxysporum	f.	sp.	cubense	(Foc),	
is	the	most	destructive	fungal	disease	of	banana	(Stover,	1962;	Ploetz,	2006;	Sutherland	et	
al.,	 2013).	 Foc	 penetrates	 the	 plant	 through	 the	 roots	 where	 it	 colonises	 and	 blocks	 the	
vascular	 system.	The	subsequent	disruption	 to	water	uptake	and	plant	defence	 responses	
results	 in	the	development	of	the	characteristic	symptoms	of	 leaf	yellowing,	stem	splitting	
and	 internal	 discoloration	 of	 the	 vascular	 system	 (Yip	 et	 al.,	 2011).	 Of	 these	 symptoms,	
vascular	 discoloration	 is	 considered	 the	 most	 reliable	 symptom	 to	 confirm	 a	 suspected	
infection	 with	 Foc.	 The	 discoloration	 ranges	 from	 pale	 red	 to	 black	 and	 occurs	 in	 the	
vascular	tissue	in	the	pseudostem	but	also	in	the	corm	and	the	roots.	
	
Foc	is	classified	into	4	physiologically	distinct	races	based	on	pathogenicity	to	host	cultivars.	
Foc	race	1	affects	the	commercially	important	cultivars	Gros	Michel	(AAA)	and	‘Lady	Finger’	
(AAB),	a	popular	banana	variety	grown	in	Australia	(Thangavelu	and	Mustaffa,	2012).	Races	
2	 and	 3	 do	 not	 affect	 commercially	 important	 banana	 cultivars	 and	 therefore	 are	 not	
considered	 economically	 important.	 However,	 race	 4	 affects	 all	 of	 the	 race	 1	 and	 race	 2	
susceptible	banana	cultivars	 in	addition	 to	 the	 race	1	 resistant	 ‘Cavendish’	cultivars	under	
stress	conditions	in	subtropical	areas	(Ploetz	and	Pegg,	2000).	Importantly,	a	new	variant	of	
race	4	 called	 ‘tropical’	 race	4	 (TR4),	 has	 recently	 been	 reported	which	 infects	 ‘Cavendish’	
cultivars	 in	 the	 tropics.	 Since	 its	 discovery	 in	 the	 1990s,	 TR4	 has	 caused	 widespread	
devastation	in	South	East	Asia	and	has	been	spreading	rapidly	in	the	Philippines,	Indonesia,	
Malaysia,	Taiwan,	mainland	China	and	Northern	Australia	(Ploetz,	2006).	Further,	there	are	
now	 unconfirmed	 records	 of	 TR4	 in	 Sri	 Lanka,	 Pakistan	 and	 Oman	 and	more	 recently	 its	
presence	has	been	confirmed	 in	Mozambique	and	 Jordan.	TR4	 is	now	considered	a	major	
threat	to	the	global	banana	industry.	
	
Foc	can	only	be	controlled	by	genetic	resistance	and,	as	such,	considerable	efforts	are	being	
directed	 into	 conventional	 breeding	 and	 genetic	 modification	 to	 generate	 new	 resistant	
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varieties.	Unfortunately,	 conventional	breeding	approaches	are	 limited	by	 the	natural	 low	
fertility	 of	 edible	 cultivars	 which	 are	 mainly	 triploid	 and	 have	 been	 selected	 for	 their	
parthenocarpy	(Buddenhagen,	1990).	In	contrast,	generating	Foc	resistant	banana	varieties	
through	 genetic	 modification	 is	 a	 relatively	 faster	 and	 reliable	 approach	 and	 has	 already	
been	proven	to	be	effective	using	a	variety	of	apoptosis-related	transgenes	of	animal	origin	
(Paul	 et	 al.,	 2011).	 As	 described	 in	 the	previous	Chapter,	 numerous	 transgene	 candidates	
have	been	screened	in	glasshouse	bioassays	with	promising	results.	Unfortunately,	there	are	
several	drawbacks	to	the	current	screening	protocol.	It	is	not	only	slow,	labor	intensive	and	
time	consuming,	but	also	requires	access	to	expensive	glasshouse	facilities.	Further,	plants	
for	screening	must	be	grown	for	6	weeks	prior	to	a	12	weeks	glasshouse	bioassay.		
	
Clearly,	 there	 is	 a	 need	 to	 establish	 a	 quick	 and	 effective	 laboratory	 based	 method	 for	
screening	transgenic	lines	for	resistance	to	Foc	race	1.	In-vitro	assays	to	test	for	resistance	or	
susceptibility	 to	 Foc	 have	 already	 been	 reported	 for	 Foc	 TR4	 (Wu	 et	 al.,	 2010),	 however,	
such	 an	 assay	 for	 Foc	 race	 1had	not	 been	 reported	prior	 to	 the	 start	 of	 this	 project.	The	
work	presented	in	this	chapter	aimed	at	developing	a	robust	and	reliable	protocol	to	screen	
transgenic	 banana	 plants	 against	 Foc	 race	 1	 in-vitro	 and	 assess	 the	 morphological	 and	
physiological	changes	associated	with	a	successful	infection.	The	work	was	achieved	through	
the	three	following	objectives:	
	
1. To	establish	an	in-vitro	screening	system	for	Foc	race	1	that	can	serve	as	an	alternative	
to	 the	 existing	 pot-based	 glasshouse	 screening	 method	 and	 differentiate	 susceptible	
from	resistant	cultivars.	
2. To	assess	the	level	of	Foc	race	1	resistance	of	two	transgenic	lines,	LF-OsBag4-33	and	LF-
AtBag4-69,	that	previously	shown	a	high	level	of	tolerance	to	this	fungus	in	glasshouse	
bioassays.	
3. To	 assess	 the	morphological	 changes	 and	 the	 extent	 of	 programmed	 cell	 death	 (PCD)	
within	the	root	 tissue	of	 the	susceptible	cultivar	 ‘Lady	Finger’	and	compare	 it	with	the	
resistant	cultivar	‘Williams’	and	transgenic	lines	LF-OsBag4-33	and	LF-AtBag4-69.	
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4.2 Materials	and	methods	
4.2.1	Plant	materials	
Four	banana	cultivars	with	different	levels	of	disease	susceptibility	to	Foc	race	1	were	used	
as	 controls	 in	 the	 study.	 The	 ‘Cavendish’	 clone	 ‘Williams’	 (AAA)	was	used	as	 the	 resistant	
cultivar	 while	 ‘Lady	 Finger’	 (AAB)	 was	 used	 as	 the	 susceptible	 cultivar.	 In	 addition,	 two	
populations	 of	 diploid	 Musa	 acuminata	 sub.	 sp.	 Malaccensis	 (AA)	 were	 included,	
Malaccensis(S)	 segregating	 for	 susceptibility	 to	 Foc	 race	 1	 and	Malaccensis(R)	 segregating	
for	 resistance.	Two	 transgenic	 lines,	 LF-AtBag4-69	and	LF-OsBag4-33,	which	have	previous	
shown	 high	 levels	 of	 resistance	 to	 Foc	 race	 1	 (see	 Chapter	 3)	 were	 also	 investigated.	
Plantlets	 of	 each	 cultivar	 were	 kept	 and	micropropagated	 in	 tissue	 culture	 as	 previously	
described	in	section	2.4.1.	
	
4.2.2	Preparation	of	fungal	inoculum	
An	isolate	of	Fusarium	oxysporum	f.	sp.	cubense	race	1	(VCG	0124/0125),	obtained	from	the	
Queensland	Department	of	Primary	Industries	&	Fisheries	(QDPI	&	F)	Herbarium,	was	used	
in	 the	 study.	 The	 inoculum	 preparation	 process	 for	 pathogenicity	 testing	 is	 depicted	 in	
Figure	4.1.	In	brief,	fungal	cultures	were	plated	on	sterile	PDA	media	supplemented	with	50	
mg/L	streptomycin	and	incubated	at	25°C	for	5	days.	When	the	media	was	fully	colonised,	
two	PDA	plugs	were	 cut	 from	 the	 leading	edge	of	 the	Petri	dish	using	a	 sterile	blade	and	
transferred	into	Armstrong’s	liquid	media	supplemented	with	50	mg/L	streptomycin	(Booth,	
1977)	 and	 incubated	 on	 a	 rotary	 shaker	 (200	 rpm)	 at	 25°C	 for	 5	 days.	 After	 incubation,	
fungal	suspension	cultures	were	filtered	through	4	layers	of	cheesecloth	to	separate	conidia	
from	mycelia.	Spore	concentrations	were	determined	using	a	haemocytometer	and	adjusted	
to	final	concentrations	of	104,	105	and	106	conidia/mL	of	MIS	(media	for	interaction	system	
(Wu	 et	 al.,	 2010)	 which	 consisted	 of	 half	 strength	 liquid	MS	 salt	 (Murashige	 and	 Skoog,	
1962).	
	
4.2.3	In-vitro	plant	inoculations	
Tissue	cultured	 in-vitro	banana	plantlets	with	three	to	 five	 leaves	 (approx.	6	cm	tall)	were	
inoculated	by	dipping	all	the	roots	into	a	Foc	race	1	spore	suspension	containing	either	104,	
105	or	106	spores/mL	of	MIS.	The	culture	vessels	were	sealed	with	parafilm	and	maintained	
at	25±2°C	under	a	12	h	photoperiod.	Non-inoculated	plants	were	kept	as	controls.	
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Figure	 4.1.	 Preparation	of	 Foc	 inoculum	used	 for	 the	 in-vitro	 screening	 of	 tissue	 culture	 banana	
plants.	A,	 Foc	 race	1	growing	on	¼	 strength	PDA,	B,	 sectioning	of	 Foc	 colonised	PDA	plugs	and	C,	
inoculation	of	Foc	colonised	PDA	plugs	into	liquid	medium.	
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4.2.4	Assessment	of	disease	severity	
The	development	of	Fusarium	wilt	symptoms	was	examined	4	days	after	initial	 inoculation	
and	continued	every	4	days	for	a	total	of	24	days.	Each	plant	was	examined	for	characteristic	
external	and	internal	disease	symptoms.	Due	to	the	small	size	of	the	plants,	a	1	to	6	point	
scoring	system,	similar	to	that	described	in	section	3.2.7,	was	used	with	minor	modifications	
to	 assess	 two	 characteristic	 external	 symptoms,	 namely	 leaf	 yellowing	 and	 stem	
discoloration	 (Table	 4.1).	 At	 the	 completion	of	 the	 24	 days	 assay	 period,	 every	 plant	was	
longitudinally	 cut	 in	 half	 to	 expose	 the	 corm	 and	 pseudostem	 and	 a	 digital	 picture	 taken	
using	 a	 Canon	 digital	 camera	 (Canon	 IXUS	 105).	 The	 images	 were	 analysed	 using	 an	 ‘in	
house’	application	running	on	MATLAB	(The	MathWorks,	Inc)	from	which	a	percentage	corm	
discoloration	was	derived	(Paul	et	al.,	2011).	
	
4.2.5	Root	histology	
Random	 root	 samples	 were	 collected	 at	 4,	 8,	 12,	 16,	 and	 20	 and	 24	 days	 post-fungal	
inoculation	 and	 fixed	 in	 4%	 paraformaldehyde	 (made	 in	 PBS,	 pH7.4)	 for	 24	 h.	 Following	
fixation,	samples	were	dehydrated	in	a	graded	series	of	ethanol	(50,	70,	80,	90	and	100%),	
embedded	 in	 paraffin	 wax	 (HY-BM1150),	 sectioned	 using	 a	 Leica	 RM	 2245	 rotary	 semi-
automated	 microtome	 and	 stained	 with	 either	 trypan	 blue	 or	 Lacto-Fuchsin.	 Specimens	
were	 examined	 using	 bright	 field	 (Leica	 M125	 zoom	 stereo	 microscope)	 or	 confocal	
microscopy	(Nikon	Air,	Japan).	
	
4.2.6	TUNEL	assays	
Samples	 for	 terminal	 deoxynucleotidyl	 transferase	 (TdT)	 dUTP	 Nick-End	 Labeling	 (TUNEL)	
assays	were	collected	from	randomly	selected	inoculated	and	non-inoculated	root	tips	at	4,	
8,	 16,	 20,	 24	 and	 36	 h	 post-inoculation	 and	 fixed	 in	 4%	paraformaldehyde	 (made	 in	 PBS,	
pH7.4)	 for	 24	 h.	 TUNEL	 assays	 were	 done	 using	 an	 in	 situ	 cell	 death	 detection	 kit,	
Fluorescein	(Roche)	according	to	the	manufacturer’s	instructions	and	some	modification	of	
an	already	published	method	described	in	section	2.8(Paul	et	al.,	2011).		
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Table	4.1.	Foc	race	1	external	symptoms	scoring	system	for	in-vitro	assays	
Scores	 Description	
1	 No	yellowing	of	the	leaves	or	discoloration	of	pseudostem	
2	 Yellowing	of	older	 leaves	at	 the	base	of	 the	plant,	no	discoloration	of	 the	pseudostem	
3	 <	50%	of	leaves	yellow,	<	50%	of	the	height	of	the	pseudostem	discolored	
4	 50%	of	leaves	yellow,	50%	of	the	height	of	the	pseudostem	discolored	
5	 >	75%	of	leaves	yellow,	>	75%	of	pseudostem	discolored	
6	 Dead	plant	
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4.3 Results	
4.3.1	Effect	of	spore	concentration	on	Fusarium	wilt	disease	development	in-vitro	
Before	the	present	study,	Foc	in-vitro	bioassays	had	never	been	tested	under	our	laboratory	
settings.	 Therefore,	 a	 preliminary	 trial	 was	 done	 to	 evaluate	 conditions	 necessary	 for	
successful	and	reliable	 infection	of	 in-vitro	banana	plantlets	with	Foc	race	1.	 Initially,	wild-
type	 plantlets	 of	 the	 Foc	 race	 1	 susceptible	 cultivar	 ‘Lady	 Finger’	 and	 the	 resistant	
‘Cavendish’	 (cv	 ‘William’)	 cultivar	 were	 used	 to	 determine	 the	 optimum	 fungal	 spore	
concentration	necessary	 to	obtain	 reliable	 infections	 in-vitro.	 The	 experiment	 included	20	
‘Lady	Finger’	and	20	‘Cavendish’	plants	and,	for	each	cultivar,	five	plantlets	were	kept	non-
inoculated,	while	five	were	each	inoculated	with	a	suspension	of	either	104	spores/mL,	105	
spores/mL	or	106	spores/mL.	All	plants	were	kept	at	25°C	and	monitored	for	symptoms	at	4	
day	 intervals	 for	 a	 total	 of	 24	 days.	 Internal	 symptoms	 of	 Fusarium	 wilt	 disease	 were	
recorded	 using	 a	 scoring	 system	 as	 described	 in	 section	 4.2.4.	 This	 preliminary	 trial	 was	
repeated	three	times	 in	 three	 independent	experiments.	As	similar	 results	were	obtained,	
only	the	results	from	the	last	experiment	are	presented	in	this	section.	
	
As	 expected,	 none	of	 the	non-inoculated	 ‘Williams’	 or	 ‘Lady	 Finger’	 plantlets	 showed	 any	
signs	of	external	or	internal	symptoms	of	Foc	(Figure	4.2	A	and	E	and	4.3).	When	plantlets	of	
the	 resistant	 cultivar	 ‘Williams’	were	 exposed	 to	 the	 three	different	 spore	 suspensions	of	
Foc	race	1,	no	external	disease	symptoms	were	observed	24	days	post-inoculation	with	the	
average	disease	severity	values	for	both	leaf	yellowing	and	stem	discoloration	rated	at	1/6,	
1/6	 and	 1/6	 at	 104,	 105	 and	 106	 spores/mL,	 respectively	 (Figure	 4.3).	 The	 evaluation	 of	
internal	 symptoms	 in	 cultivar	 ‘Williams’	 was	 complicated	 by	 the	 development	 of	 rapid	
oxidative	discoloration	at	 the	cut	surfaces	 (as	shown	 in	the	non-inoculated	control	 (Figure	
4.2,	A).	However,	although	similar	in	appearance	to	Foc-mediated	vascular	discoloration,	the	
two	types	could	be	differentiated	by	the	trained	eye.	As	such,	although	a	very	small	amount	
of	 vascular	 discoloration	 was	 observed	 in	 the	 corm	 of	 some	 plants,	 the	 majority	 of	
inoculated	‘Williams’	plants	showed	no	internal	symptoms	following	inoculation	even	at	the	
highest	spore	concentration	of	106	spores/mL	(Figure	4.2).	When	plantlets	of	the	Foc	race	1	
susceptible	 cultivar	 ‘Lady	 Finger’	 were	 exposed	 to	 spore	 suspensions,	 both	 external	 and	
internal	symptoms	were	first	observed	at	8	days	post-inoculation	at	the	lowest	spore	
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Figure	4.2.	Internal	symptoms	of	Fusarium	wilt	on	banana	plantlets	following	24	days	exposure	to	
Foc	 race	 1	 in-vitro.	 A,	 ‘Williams’	 non-inoculated;	 B,	 ‘Williams’	 inoculated	 at	 104	 spores/mL;	 C,	
‘Williams’	 inoculated	 at	 105	 spores/mL;	D,	 ‘Williams’	 inoculated	 at	 106	 spores/mL;	 E,	 ‘Lady	 Finger’	
non-inoculated;	 F,	 ‘Lady	 Finger’	 inoculated	 at	 104	 spores/mL;	 G,	 ‘Lady	 Finger’	 inoculated	 at	 105	
spores/mL	 and	H,	 ‘Lady	 Finger’	 inoculated	 at	 106	 spores/mL.	NI=	Non-inoculated;	 104,	 105	 and	 106	
represent	the	respective	spore	concentrations	in	number	of	fungal	spores/mL.	
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Figure	4.3.	Effects	of	Foc	race	1	spore	concentrations	on	the	external	symptoms	of	Fusarium	wilt	in	
the	susceptible,	‘Lady	Finger’	and	resistant,	‘Williams’	banana	cultivars	(preliminary	trial).	Plantlets	
were	inoculated	with	104,	105,	and	106	Foc	race	1	spores/mL.	Characteristic	external	symptoms	of	A,	
leaf	yellowing	and	B,	stem	discoloration	were	scored	with	a	disease	severity	scale.	Each	data	point	is	
the	average	score	of	5	plants.	
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concentration	 of	 104	 spores/mL	 and	 as	 early	 as	 4	 days	 post-inoculation	 with	 the	 spore	
concentrations	of	105	and	106	spores/mL	 (Figure	4.3).	 The	average	disease	 severity	 values	
for	 leaf	yellowing	at	24	days	post-inoculation	were	1.6/6,	2.25/6	and	2.2/6	at	104,	105	and	
106	spores/mL,	respectively	while	for	stem	discoloration	they	were	1/6,	1.5/6	and	1.8/6	at	
104,	 105	 and	 106	 spores/mL,	 respectively	 (Figure	 4.3).	 Although	 the	 internal	 symptoms	 of	
percentage	 corm	 discoloration	 were	 not	 recorded	 during	 this	 preliminary	 trial,	 they	
increased	dramatically	through	till	the	end	of	the	24-days	trial	period	(Figure	4.2,	E-H).	
	
4.3.1.1 In-vitro	 evaluation	 of	 Fusarium	 wilt	 disease	 development	 in	 transgenic	 ‘Lady	
Finger’	lines	expressing	BAG4	transgenes	
Following	 successful	 and	 repeatable	 infection	 of	 the	 control	 ‘Lady	 Finger’	 susceptible	
plantlets	 in-vitro,	 it	 was	 decided	 to	 evaluate	 the	 test	 using	 two	 transgenic	 ‘Lady	 Finger’	
banana	lines	which	had	previously	been	shown	to	have	increased	resistance	to	Foc	race	1	in	
glasshouse	 bioassays.	 	 Based	 on	 the	 results	 of	 the	 preliminary	 in-vitro	 assays,	 a	 spore	
concentration	 of	 106	 spores/mL	 was	 used	 in	 all	 subsequent	 assays.	 Transgenic	 lines	 LF-
AtBag4-69	and	LF-OsBag4-33	were	tested	in	two	separate	in-vitro	trials	(Trial	A	and	Trial	B).		
	
In	Trial	A,	 five	genotypes	were	 tested;	 transgenic	 ‘Lady	Finger’	 lines	 LF-AtBag4-69	and	 LF-
OsBag4-33,	as	well	as	wild-type	control	plants	which	included	the	susceptible	cultivars	‘Lady	
Finger’	 and	 Malaccensis(S)	 and	 the	 resistant	 cultivar	 ‘Williams’.	 For	 each	 genotype,	 five	
plants	were	exposed	to	106	spores/mL	of	Foc	race	1	or	media	only	(non-inoculated	controls)	
for	 24	 days.	 As	 expected,	 none	 of	 the	 non-inoculated	 control	 plants	 showed	 signs	 of	
external	 or	 internal	 symptoms	 of	 Foc	 and	 therefore	 were	 not	 scored	 (Figure	 4.4).	 In	
contrast,	 the	 inoculated	 ‘Lady	 Finger’	 and	 Malaccensis(S)	 susceptible	 genotypes	 showed	
external	 symptoms	of	Fusarium	wilt	at	4	days	post-inoculation.	At	 the	end	of	 the	24-days	
trial,	 the	 disease	 severity	 ratings	 of	 the	 ‘Lady	 Finger’	 and	Malaccensis(S)	 were	 2.6/6	 and	
2.4/6	for	leaf	yellowing,	respectively,	and	3/6	and	3.2/6	for	stem	discoloration,	respectively	
(Figure	4.4	and	4.5).	
	
Internally,	the	amount	of	corm	discolouration	was	up	to	28.6%	for	‘Lady	Finger’	and	13.3%	
for	 Malaccensis(S)	 (Figure	 4.6).	 The	 Foc	 race	 1	 resistant	 cultivar	 ‘Williams’	 showed	 no	
external		
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Figure	 4.4.	 External	 and	 internal	 symptoms	 of	 Fusarium	wilt	 in	wild-type	 and	 transgenic	 ‘Lady	 Finger’	
banana	 lines	 (Trial	 A).	 Plantlets	 were	 inoculated	with	 106	 Foc	 race	 1	 spores/mL.	 LF,	 ‘Lady	 Finger’;	Mal,	
Malaccensis;	W,	‘Williams’;	At,	Arabidopsis	thaliana,	Os,	Oryza	sativa;	Bag4,	BCL2-associated	athanogene	4	
and	S,	susceptible.	
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Figure	 4.5.	 Effect	 of	 Foc	 race	 1	 spores	 on	 the	 external	 symptoms	of	 Fusarium	wilt	 in	 transgenic	
‘Lady	 Finger’	 banana	 lines	 (Trial	 A).	 Plantlets	 were	 inoculated	 with	 106	 Foc	 race	 1	 spores/mL.	
Characteristic	external	symptoms	of	A,	leaf	yellowing	and	B,	stem	discoloration	were	scored	with	a	
disease	 severity	 scale.	 Each	 data	 point	 is	 the	 average	 score	 of	 5	 plants.	 LF,	 ‘Lady	 Finger’;	 Mal,	
Malaccensis;	 W,	 ‘Williams’;	 At,	 Arabidopsis	 thaliana,	 Os,	 Oryza	 sativa;	 Bag4,	 BCL2-associated	
athanogene	4;	S,	susceptible	and	R,	resistant.	
	
A	
B	
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Figure	4.6.	Measurement	of	 the	 internal	 symptoms	of	Fusarium	wilt	 in	wild-type	and	 transgenic	
‘Lady	 Finger’	 banana	 lines	 (Trial	 A).	Plantlets	were	 inoculated	with	106	 Foc	 race	1	 spores/mL.	 LF,	
‘Lady	Finger’;	Mal,	Malaccensis;	W,	‘Williams’;	At,	Arabidopsis	thaliana,	Os,	Oryza	sativa;	Bag4,	BCL2-
associated	athanogene	4;	S,	susceptible	and	R,	resistant.	Results	are	presented	as	mean±	SEM	and	
n=	5.	Error	bars	represent	standard	error	of	the	mean.	
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symptoms	(scores	of	1/6	for	leaf	yellowing	and	1.3/6	for	stem	discoloration)	and	only	0.3%	
corm	discolouration	(Figure	4.4	to	4.6).	
	
Although	the	external	and	internal	disease	severity	scores	for	both	transgenic	‘Lady	Finger’	
lines,	 LF-AtBag4-69	 and	 LF-OsBag4-33,	 were	 not	 significantly	 similar	 to	 those	 of	 the	
‘Williams’	 control,	 they	were	 nonetheless	 considerably	 lower	 than	 the	 known	 susceptible	
controls.	 Indeed,	 the	 external	 symptom	 ratings	 for	 LF-AtBag4-69	 and	 LF-OsBag4-33	 were	
only	1.4/6	and	1.3/6	for	both	leaf	yellowing	and	stem	discoloration,	respectively	(Figure	4.4	
and	4.5),	while	the	corm	discoloration	was	only	4.1	and	2.9%,	respectively	 (Figure	4.4	and	
4.6).	
	
Based	on	these	promising	results,	a	second	trial	(Trial	B)	was	done	using	the	same	genotypes	
as	 in	 Trial	 A	 but	 with	 the	 addition	 of	 two	 additional	 controls,	 the	 resistant	 cultivar	
Malaccensis(R)	as	well	as	a	transgenic	 ‘Lady	Finger’	 line	harbouring	the	GFP	reporter	gene	
(theoretically	susceptible).		
	
Similar	 to	 Trial	 A,	 none	 of	 the	 non-inoculated	 plants	 showed	 any	 external	 or	 internal	
symptoms	 of	 Foc	 and	 therefore	 were	 not	 scored	 (Figure	 4.7).	 The	 three	 susceptible	
genotypes,	 ‘Lady	 Finger’,	 Malaccensis(S)	 and	 the	 transgenic	 GFP	 line,	 began	 to	 show	
external	 symptoms	 at	 4	 days	 post-inoculation	 and	 were	 given	 disease	 severity	 scores	 of	
2.4/6,	2.4/6	and	2/6	respectively	for	leaf	yellowing	and	2.8/6,	2.8/6	and	2.5/6,	respectively,	
for	stem	discoloration	(Figure	4.7	and	4.9).	 Internally,	 the	three	genotypes	displayed	32.1,	
50	 and	50%	 corm	discolouration,	 respectively,	 at	 the	 end	of	 the	 trial	 (Figure	 4.7	 and	4.8)	
compared	to	the	two	resistant	genotypes,	‘Williams’	and	Malaccensis(R),	which	showed	only	
0.04	and	0.62%	corm	discolouration,	respectively,	and	were	scored	1.2/6	and	1.4/6	for	both	
the	external	symptoms	(Figure	4.7	to	4.9).		
	
The	external	symptoms	shown	by	both	transgenic	‘Lady	Finger’	lines,	LF-AtBag4-69	and	LF-
OsBag4-33,	were	scored	at	only	1.8/6	and	1.6/6,	respectively,	 for	 leaf	yellowing	and	1.4/6	
and	1/6,	 respectively,	 for	stem	discoloration.	Further,	both	showed	only	small	amounts	of	
internal	discoloration	of	the	vascular	system	(3.4%	for	both	lines;	Figure	4.7	to	4.9).	
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Figure	 4.7.	 External	 and	 internal	 symptoms	 of	 Fusarium	wilt	 in	 wild-types	 and	 transgenic	 ‘Lady	 Finger’	
banana	 lines	 (Trial	 B).	 Plantlets	 were	 inoculated	 with	 106	 Foc	 race	 1	 spores/mL.	 LF,	 ‘Lady	 Finger’;	 Mal,	
Malaccensis;	W,	 ‘Williams’;	gfp,	green	fluorescent	protein;	At,	Arabidopsis	thaliana,	Os,	Oryza	sativa;	Bag4,	
BCL2-associated	athanogene	4;	S,	susceptible	and	R,	resistant.	
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Figure	4.8.	Measurement	of	the	internal	symptoms	of	Fusarium	wilt	 in	wild-types	and	transgenic	
‘Lady	 Finger’	 banana	 lines	 (Trial	 B).	Plantlets	were	 inoculated	with	106	 Foc	 race	1	 spores/mL.	 LF,	
‘Lady	 Finger’;	 Mal,	 Malaccensis;	 W,	 ‘Williams’;	 gfp,	 green	 fluorescent	 protein;	 At,	 Arabidopsis	
thaliana,	 Os,	 Oryza	 sativa;	 Bag4,	 BCL2-associated	 athanogene	 4;	 S,	 susceptible	 and	 R,	 resistant.	
Results	are	presented	as	mean±	SEM	and	n=	5.	Error	bars	represent	standard	error	of	the	mean.	
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Figure	 4.9.	 Effects	 of	 Foc	 race	 1	 spores	 on	 the	 external	 symptoms	 of	 Fusarium	wilt	 in	 transgenic	
‘Lady	 Finger’	 banana	 lines	 (Trial	 B).	 Plantlets	 were	 inoculated	 with	 106	 Foc	 race	 1	 spores/mL.	
Characteristic	 external	 symptoms	of	A,	 leaf	 yellowing	and	B,	 stem	discoloration	were	 scored	with	 a	
disease	 severity	 scale.	 Each	 data	 point	 is	 the	 average	 score	 of	 5	 plants.	 LF,	 ‘Lady	 Finger’;	 Mal,	
Malaccensis;	W,	‘Williams’;	gfp,	green	fluorescent	protein;	At,	Arabidopsis	thaliana,	Os,	Oryza	sativa;	
Bag4,	BCL2-associated	athanogene	4;	S,	susceptible	and	R,	resistant.	
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4.3.1.2 Microscopic	 examination	 anddetection	 of	 programmed	 cell	 death	 (PCD)	 in	 the	
roots	of	transgenic	and	non-transgenic	banana	lines	inoculated	in-vitro	with	Foc	race	1.	
During	trials	A	and	B	described	above,	root	samples	were	collected	for	 (i)	 the	microscopic	
examination	of	 the	 interaction	and	colonisation	behaviour	of	Foc	 race	1	 in	 transgenic	and	
non-transgenic	 banana	 lines	 and	 (ii)	 the	 detection	 of	 programmed	 cell	 death	 (PCD)	 using	
TUNEL	 assays.	 Root	 samples	 were	 collected	 from	 inoculated	 and	 non-inoculated	 ‘Lady	
Finger’,	 Malaccensis(S),	 LF-gfp,	 ‘Williams’	 and	 the	 two	 transgenic	 ‘Lady	 Finger’	 lines	 LF-
AtBag4-69	and	LF-OsBag4-33.		
	
Root	histology	was	used	 in	 the	 first	 instance	as	a	way	of	assessing	morphological	changes	
attributable	to	the	Foc	race	1	in	non-transgenic	plants.	Examination	of	trypan	blue	stained	
root	 sections	 from	 the	 susceptible	 cultivar	 ‘Lady	 Finger’	 showed	 extensive	 cell	 wall	
penetration	 and	degradation.	 Fungal	mycelia	were	 abundant	 both	outside	 and	within	 the	
tissue	and	were	mainly	associated	with	cells	within	the	vascular	bundles	(Figure	4.10,	D).	In	
the	resistant	cultivar	 ‘Williams’,	however,	even	though	fungal	mycelia	were	also	abundant	
on	the	outside	of	the	roots,	the	tissue	displayed	no	signs	of	morphological	damage	(Figure	
4.10,	B).	
	
To	 confirm	 these	 observations,	 similar	 tissues	 were	 stained	 with	 Lacto-Fuchsin	 and	
examined	using	confocal	microscopy.	Lacto-Fuchsin	binds	to	the	cell	walls	of	fungi	staining	
them	red	and	provides	a	much	better	contrast	within	the	plant	tissue.	When	roots	from	the	
susceptible	 cultivar	 ‘Lady	 Finger’	 were	 stained,	 abundant	 fungal	 mycelia	 (red)	 were	
observed	as	was	the	extent	of	the	damage	caused	by	Foc	race	1	(Figure	4.11,	B).	Similar	to	
the	observations	using	light	microscopy,	almost	no	morphological	changes	were	observed	in	
the	 roots	of	 the	 resistant	cultivar	 ‘Williams’	despite	abundant	 fungal	mycelia	 (Figure	4.11,	
C).	 Interestingly,	examination	of	 the	 roots	of	 the	 inoculated	 transgenic	 lines	LF-OsBag4-33	
and	LF-AtBag4-69	 revealed	a	 large	number	of	 fungal	mycelia	but	 very	 little	morphological	
damage	(Figure	4.11,	E	and	F).	
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Figure	 4.10.	 Light	 microscopy	 of	 root	 sections	 taken	 from	 tissue	 cultured	 banana	 plants	
inoculated	with	Foc	race	1	 in-vitro.	A,	Non-inoculated	‘Williams’;	B,	Inoculated	‘Williams’;	C,	Non-
inoculated	‘Lady	Finger’	and	D,	Inoculated	‘Lady	Finger’.	Stained	with	trypan	blue.	Arrows	indicate	
hyphae	and	cell	wall	penetration	and	degradation.	
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Figure	4.11.	 Confocal	microscopy	of	 root	 sections	 taken	 from	 tissue	 cultured	banana	plants	 inoculated	
with	 Foc	 race	 1	 in-vitro.	 A,	 Non-inoculated	 ‘Lady	 Finger’;	 B,	 Inoculated	 ‘Lady	 Finger’;	 C,	 Inoculated	
‘Williams’;	 D,	 Non-inoculated	 transgenic	 LF-OsBag4-;	 E,	 Inoculated	 transgenic	 LF-OsBag4-33	 and	 F,	
Inoculated	LF-AtBag4-69.	All	samples	were	stained	with	Lacto-Fuchsin.	
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Selected	samples	collected	during	the	two	 in-vitro	assays	(Trial	A	and	B)	were	analysed	for	
evidence	of	PCD	using	TUNEL	assays.	The	samples	analysed	included	wild-type	‘Lady	Finger’,	
transgenic	 LF-OsBag4-33,	 LF-AtBag4-69	 and	 LF-gfp	which	were	 collected	 at	 12,	 24	 and	 36	
hours	 post-inoculation.	 All	 samples	 were	 subjected	 to	 TUNEL	 assays	 followed	 by	
counterstaining	 with	 propidium	 iodide.	 TUNEL	 positive	 cells	 fluorescence	 green	 while	 all	
nuclei	stained	with	propidium	iodide	appear	red.	
	
In	root	tips	of	both	wild-type	‘Lady	Finger’	and	transgenic	LF-gfp	exposed	to	106	Foc	race	1	
spores/mL,	 TUNEL	 positive	 cells,	 indicative	 of	 PCD,	 were	 observed	 within	 12	 hours	 post-
inoculation	(Figures	4.12,	4.13	and	4.16).	In	root	tips	from	wild-type	‘Lady	Finger’,	a	total	of	
17,	35	and	42	TUNEL	positive	cells	were	identified	per	field	of	view	samples	at	12,	24	and	36	
h,	respectively,	while	in	the	transgenic	LF-gfp,	a	total	of	5,	31	and	32	TUNEL	positive	cells	per	
field	 of	 view	 were	 observed	 at	 12,	 24	 and	 36	 h,	 respectively	 (Figure	 4.16).	 In	 the	 two	
transgenic	 lines,	 LF-OsBag4-33	 and	 LF-AtBag4-69,	 however,	 the	 occurrence	 of	 TUNEL	
positive	 cells	 was	 considerably	 reduced	 as	 shown	 in	 Figures	 4.14,	 4.15	 and	 4.16.	 For	
example,	only	6,	5	and	4	TUNEL	positive	cells	were	identified	per	field	of	view	at	12,	24	and	
36	h,	respectively,	in	root	tip	samples	from	transgenic	line	LF-OsBag4-33	while	in	transgenic	
LF-AtBag4-69,	5,	0	and	0	TUNEL	positive	cells	per	field	of	view	were	observed	at	12,	24	and	
36	h,	respectively	(Figure	4.16).	
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Figure	 4.12.	 Detection	 of	 PCD	 using	 TUNEL	 assays	 in	 the	 roots	 of	 non-transgenic	 ‘Lady	 Finger’	
banana	 inoculated	 in-vitro	 with	 Foc	 race	 1	 using	 confocal	 microscopy.	 Root	 tip	 samples	 were	
isolated	from	plantlets	inoculated	with	106	Foc	race	1	spores/mL	in	Trial	A	and	B	at	12,	24	and	36	h	
post-inoculation	 (PI).	 Negative	 and	 positive	 controls	 were	 collected	 24	 h	 after	 exposure	 to	 liquid	
medium	 only	 (no	 fungus)	 with	 positive	 control	 samples	 subsequently	 treated	 with	 DNase.	 All	
samples	 collected	 were	 subjected	 to	 TUNEL	 assays	 followed	 by	 counterstaining	 with	 propidium	
iodide.	 TUNEL	positive	 cells	 fluoresce	 green	while	 all	 nuclei	 stained	with	 propidium	 iodide	 appear	
red.	
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Figure	4.13.	Detection	of	PCD	using	TUNEL	assays	in	the	roots	of	transgenic	line	LF-gfp	inoculated	
in-vitro	with	 Foc	 race	1	using	 confocal	microscopy.	Root	tip	samples	were	 isolated	from	plantlets	
inoculated	with	106	Foc	 race	1	 spores/mL	 in	Trial	A	and	B	at	12,	24	and	36h	post-inoculation	 (PI).	
Negative	and	positive	controls	were	collected	24h	after	exposure	to	liquid	medium	only	(no	fungus)	
with	 positive	 control	 samples	 subsequently	 treated	 with	 DNase.	 All	 samples	 collected	 were	
subjected	to	TUNEL	assays	followed	by	counterstaining	with	propidium	iodide.	TUNEL	positive	cells	
fluorescence	green	while	all	nuclei	stained	with	propidium	iodide	appear	red.	
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Figure	 4.14.	 Detection	 of	 PCD	 using	 TUNEL	 assays	 in	 the	 roots	 of	 transgenic	 line	 LF-OsBag4-33	
inoculated	in-vitro	with	Foc	race	1	using	confocal	microscopy.	Root	tip	samples	were	isolated	from	
plantlets	inoculated	with	106	Foc	race	1	spores/mL	in	Trial	A	and	B	at	12,	24	and	36h	post-inoculation	
(PI).	 Negative	 and	 positive	 controls	were	 collected	 24h	 after	 exposure	 to	 liquid	medium	 only	 (no	
fungus)	with	positive	control	samples	subsequently	treated	with	DNase.	All	samples	collected	were	
subjected	to	TUNEL	assays	followed	by	counterstaining	with	propidium	iodide.	TUNEL	positive	cells	
fluorescence	green	while	all	nuclei	stained	with	propidium	iodide	appear	red.	
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Figure	 4.15.	 Detection	 of	 PCD	 using	 TUNEL	 assays	 in	 the	 roots	 of	 transgenic	 line	 LF-AtBag4-69	
inoculated	in-vitro	with	Foc	race	1	using	confocal	microscopy.	Root	tip	samples	were	isolated	from	
plantlets	inoculated	with	106	Foc	race	1	spores/mL	in	Trial	A	and	B	at	12,	24	and	36h	post-inoculation	
(PI).	 Negative	 and	 positive	 controls	were	 collected	 24h	 after	 exposure	 to	 liquid	medium	 only	 (no	
fungus)	with	positive	control	samples	subsequently	treated	with	DNase.	All	samples	collected	were	
subjected	to	TUNEL	assays	followed	by	counterstaining	with	propidium	iodide.	TUNEL	positive	cells	
fluorescence	green	while	all	nuclei	stained	with	propidium	iodide	appear	red.	
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Figure	 4.16.	 TUNEL	 positive	 cell	 count	 from	 assays	 performed	 on	 wild-type	 and	
transgenic	 ‘Lady	 Finger’	 banana	 lines.	 TUNEL	 positive	 cells	 fluorescing	 green	 were	
counted	and	expressed	as	the	number	of	cells	per	field	of	view	(from	Figure	4.12	to	4.15).	
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4.4	Discussion	
The	work	presented	in	this	Chapter	reports	the	development	and	optimisation	of	a	method	
to	enable	the	effective	and	rapid	screening	of	tissue	culture	banana	plants	for	resistance	to	
the	 fungal	 pathogen	 Foc	 race	 1	 in-vitro.	 The	 in-vitro	 screening	 technique	 reported	 in	 this	
Chapter	offers	many	advantages	over	 the	glasshouse	pot-based	bioassays	commonly	used	
by	researchers.	It	is	reliable,	time	efficient	(24	days),	cost	effective	and	allows	screening	of	a	
much	larger	number	of	plants	under	completely	controlled	conditions	and	in	a	third	of	the	
time.	Although	pot-based	glasshouse	bioassays	are	reliable,	they	are	labour	intensive,	time	
consuming	 and	 expensive.	 These	 glasshouse	 bioassays	 require	 plants	 to	 be	 30-50	 cm	 tall	
before	 inoculation	 and	 the	 duration	 of	 the	 experiments	 is	 a	 minimum	 of	 12	 weeks.	
Consequently,	 these	 assays	 require	 considerable	 amount	 of	 space	 and	 are	 usually	
conducted	 inside	glasshouses,	which	are	not	easy	 to	access	 for	many	 researchers	and	are	
expensive	 to	 maintain.	 In	 addition,	 the	 maintenance	 of	 optimal	 experimental	 conditions	
inside	 the	glasshouse	 is	 sometimes	difficult	 to	achieve	while	 the	 large	amount	of	biomass	
that	is	produced	after	the	12	weeks	trial	period	makes	data	collection	a	long	and	very	labour	
intensive	process.	
	
Evaluation	methods	for	the	early	and	rapid	screening	of	Musa	species	for	resistance	to	Black	
Leaf	Streak	Disease	and	Xanthomonas	wilt	have	been	developed	(Twizeyimana	et	al.,	2007;	
Tripathi	et	al.,	2008).	Similarly,	Wu	and	colleagues	previously	reported	the	establishment	of	
an	in-vitro	method	to	screen	banana	plantlets	for	resistance	to	Foc	tropical	race	4	(Wu	et	al.,	
2010).	Out	of	the	6	cultivars	tested	in	their	study,	the	plantlets	of	two	susceptible	cultivars	
had	 higher	 final	 disease	 severities	 than	 that	 of	 four	 resistant	 cultivars	 with	 a	 strong	
correlation	to	the	results	reported	from	studies	in	the	field.	However,	this	method	had	not	
been	adopted	to	screen	banana	plants	against	Foc	race	1.	In	the	current	study,	the	method	
of	 Wu	 et	 al.	 (2010)	 was	 evaluated	 with	 some	 modifications.	 Preliminary	 experiments	
confirmed	the	effectiveness	of	the	protocol	and	the	results	of	these	tests	indicated	that	the	
optimum	 Foc	 race	 1	 spore	 concentration	 was	 106	 Foc	 race	 1	 spores/mL.	 This	 spore	
concentration	 resulted	 in	 the	 effective	 and	 consistent	 infection	of	 the	 susceptible	 control	
cultivar	 ‘Lady	 Finger’	 in-vitro.	 Importantly,	 the	 resistant	 cultivar	 control	 ‘Williams’,	 which	
was	also	included	in	the	preliminary	experiments,	showed	no	signs	of	infection.	As	seen	in	
this	study	and	others,	increased	spore	concentration	is	usually	correlated	with	an	increase	in	
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disease	 progression	 and	 severity	 (Wu	 et	 al.,	 2010;	 Caligiore	 et	 al.,	 2014).	 As	 such,	
experiments	 using	 spore	 concentrations	 beyond	 106	 spores/mL	 should	 be	 investigated	 in	
the	 future	 to	 (i)	 get	 a	better	understanding	of	 the	 resistance	 threshold	of	 cultivars	 in	 the	
‘Cavendish’	 group	 and	 (ii)	 accelerate	 even	 further	 the	 development	 of	 symptoms	 in	
susceptible	plants	to	shorten	even	further	the	length	of	the	in-vitro	assay.	
	
Any	 disease	 rating	 system	 based	 on	 a	 scoring	 system,	 such	 as	 the	 one	 developed	 for	
glasshouse	or	 in-vitro	symptoms	of	Fusarium	wilt	of	banana	(Smith	et	al.,	2008;	Wu	et	al.,	
2010)is	highly	subjective	and	its	accuracy	depends	on	the	experience	of	the	researcher	with	
identifying	 and	 rating	 symptoms.	 For	 the	 scoring	 of	 Foc-induced	 vascular	 discoloration	 in	
banana	this	obstacle	is	avoided	by	the	use	of	a	computer-based	application	which	is	highly	
accurate	and	reproducible	(Paul,	2009).	However,	for	the	external	symptoms	of	Foc	such	as	
external	chlorosis,	wilting	and	leaf	cracking	visual	estimation	of	scores	remains	the	standard.		
The	 decrease	 in	 external	 symptoms	 scores	 from	20	 to	 24	 dpi	 in	 	 inoculated	 ‘Lady	 Finger’	
plants	(Figure	4.3,	B)	in	the	current	study	might	be	attributed	to	human	error	and	suggests	
caution	when	making	assumptions	based	on	these	scores.	
	
In	 Chapter	 3,	 the	 traditional	 pot-based	 glasshouse	 bioassays	were	 used	 to	 screen	 for	 Foc	
race	 1	 resistance	 in	 transgenic	 ‘Lady	 Finger’	 banana	 lines	 expressing	 a	 variety	 of	 anti-
apoptosis	 genes.	 From	 these	 trials,	 two	 elite	 lines	 expressing	 a	Bag4	 gene	 (LF-OsBag4-33	
and	 LF-AtBag4-69)	 and	 showing	 near	 immunity	 to	 Foc	 race	 1	 after	 12	weeks	 of	 exposure	
were	 identified.	 To	 determine	 whether	 the	 results	 obtained	 in	 the	 glasshouse	 could	 be	
replicated	 in-vitro,	the	two	lines	were	assessed	using	the	newly	established	 in-vitro	testing	
conditions.	After	24	days	exposure	to	106	Foc	race	1	spores/mL,	transgenic	lines	LF-OsBag4-
33	and	LF-AtBag4-69	displayed	very	weak	external	symptoms	while	the	amount	of	internal	
vascular	 discoloration	 was	 also	 very	 low.	 As	 such,	 the	 results	 of	 the	 in-vitro	 assay	 were	
consistent	with	those	obtained	using	glasshouse	bioassays.		
	
According	to	many	studies,	the	constitutive	expression	of	anti-apoptotic	genes	in	transgenic	
plants	can	be	used	to	control	infection	with	necrotrophic	fungi	(Lincoln	et	al.,	2002;	Dickman	
and	Reed,	 2004;	Williams	and	Dickman,	 2008;	 Paul	 et	 al.,	 2011).	 Bananas	 and	 Foc	 are	no	
exception	as	was	demonstrated	by	Paul	and	colleagues	who	showed	 that	 the	constitutive	
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expression	 of	 mammalian-	 and	 nematode-derived	 anti-apoptosis	 genes	 in	 ‘Lady	 Finger’	
banana	was	effective	in	controlling	Foc	race	1	in	the	glasshouse	(Paul	et	al.,	2011).	For	part	
of	its	life	cycle	it	is	well	established	that	Foc	behaves	as	a	necrotroph	and,	as	such,	promotes	
the	 destruction	 of	 host	 cells	 in	 order	 to	 derive	 nutrients.	 Using	 TUNEL	 (Terminal	
deoxynucleotidyl	 transferase	 (TdT)	 dUTP	 Nick-End	 Labeling)	 assays,	 Paul	 et	 al.,	 (2009)	
showed	that	upon	infection,	Foc	race	1	was	able	to	induce	programmed	cell	death	(PCD)	in	
the	 roots	of	 ‘Lady	Finger’	bananas,	 a	phenomenon	 that	was	prevented	 in	 transgenic	 lines	
expressing	 anti-apoptosis	 genes.	 The	 TUNEL	 assay	 is	 a	 characteristic	 test	 to	 show	 the	
presence	of	 the	 type	of	DNA	degradation	 that	 typically	occurs	during	PCD.	The	method	 is	
based	 on	 the	 ability	 of	 the	 enzyme	 TdT	 to	 label	 double-stranded	 DNA	 blunt	 ends	 breaks	
independent	of	a	 template.	 In	 this	Chapter,	 the	ability	of	Foc	 race	1	 to	 trigger	PCD	 in	 the	
roots	of	the	susceptible	cultivar	‘Lady	Finger’,	as	reported	by	Paul	et	al.,	(2011),	was	verified	
and	confirmed	in-vitro	using	TUNEL	assays.	In	transgenic	lines	LF-OsBag4-33	and	LF-AtBag4-
69,	 Foc	 race	 1-induced	 PCD	 could	 also	 be	 prevented	 by	 the	 expression	 of	 Bag4	 anti-
apoptosis	genes	isolated	from	rice	(Oryza	sativa)	and	Arabidopsis	thaliana.		
	
Prior	to	the	current	study,	the	over-expression	of	AtBag4	 in	tobacco	plants	had	only	been	
shown	 to	 confer	 tolerance	 to	 abiotic	 stresses,	 such	 as	 UV	 light,	 cold,	 oxidants,	 and	 salt	
treatments	(Doukhanina	et	al.,	2006),	with	no	reports	of	its	expression	conferring	resistance	
to	 biotic	 stresses.	 Indeed,	 the	 original	 publication	 on	 the	 identification	 of	 Bag	 genes	 in	
plants	reported	that	AtBAG6,	but	not	AtBAG4,	had	a	role	in	limiting	colonisation	and	spread	
of	 the	necrotrophic	pathogen	Botrytis	 cinerea	 (Doukhanina	 et	al.,	2006).	 Interestingly,	 the	
same	publication	 also	 reported	 a	 close	 structural	 and	domain	 organisation	of	Arabidopsis	
BAG1	and	BAG4	proteins.	Considering	 that	over-expression	of	 the	Musa	Bag1	 gene	 in	 the	
suceptible	 ‘Rasthali’	 banana	 cultivar	 was	 recently	 shown	 to	 provide	 increased	 tolerance	
against	 Foc	 race	 1	 in	 glasshouse	 bioassays	 (Ghag	 et	 al.,	 2014b)	 and	 the	 fact	 that	 anti-
apoptosis	 (anti-PCD)	 genes	 of	 various	 origins	 have	 been	 found	 to	 be	 effective	 against	 a	
variety	of	important	necrotrophic	fungi	such	as	Botrytis	cinerea,	Sclerotinia	sclerotiorum	or	
Fusarium	 oxysporum	 f.	 sp.	 cubense	 (Foc)	 (Mitsuhara	 et	 al.,	 1999;	 Dickman	 et	 al.,	 2001;	
Lincoln	et	al.,	2002;	Paul	et	al.,	2011),	the	resistance	to	Foc	race	1	obtained	from	the	over-
expression	 of	 two	 Bag4	 gene	 homologues	 (from	 rice	 and	 Arabidopsis)	 in	 ‘Lady	 Finger’	
banana	in	the	current	study	is	not	unexpected.		
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As	 a	 hemi-biotrophic	 fungi,	 Foc	 has	 a	 short	 biotrophic	 phase	 followed	 by	 complete	
necrotrophy	of	the	infected	plant	(Thaler	et	al.,	2004).	The	results	presented	in	this	Chapter	
and	of	others	have	provided	ample	evidence	to	support	the	widely	held	belief	that	induction	
of	necrotrophy	 in	 infected	plants	may	 involve	 the	activation	of	plant	processes	 leading	 to	
cell	 death	 (Lam	 et	 al.,	 2001;	 Dickman	 and	 de	 Figueiredo,	 2013).	 The	 histological	 work	
conducted	 in	 the	 current	 study	 also	 demonstrated	 that,	 although	 Foc	was	 always	 able	 to	
colonise	the	root	tissue	of	plants	irrespective	of	the	cultivar,	it	was	only	able	to	degrade	the	
cell	wall	of	 the	susceptible	 ‘Lady	Finger’.	Histological	analysis	of	 the	 roots	of	 the	 two	Foc-
inoculated	transgenic	lines	showed	that,	similar	to	the	resistant	cultivar	‘Williams’,	cell	wall	
degradation	was	minimal.		
	
In	 summary,	 this	 study	 established	 the	 optimal	 conditions	 for	 use	 in	 an	 in-vitro	 assay	 to	
assess	 the	 resistance	 or	 susceptibility	 of	 banana	 plants	 to	 Foc	 race	 1.	 Using	 the	 in-vitro	
method,	the	expected	responses	of	susceptible	and	resistant	banana	cultivars	to	Foc	race	1	
were	demonstrated.	 In	 addition,	 the	method	was	used	 to	 confirm	 the	 level	 of	 Foc	 race	1	
resistance	 of	 two	 transgenic	 lines,	 LF-OsBag4-33	 and	 LF-AtBag4-69,	 which	 previously	
showed	high	level	of	tolerance	to	this	fungus	in	glasshouse	experiments.	Finally,	Foc	race	1	
was	 shown	 to	 induce	morphological	 changes	 as	well	 as	 PCD	within	 the	 root	 tissue	of	 the	
susceptible	 cultivar	 ‘Lady	 Finger’,	 a	 phenomenon	 that	was	 absent	 in	 the	 resistant	 cultivar	
‘Williams’	and	dramatically	reduced	in	the	two	tolerant	Bag4	transgenic	lines.	
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Chapter	5	-	Detection	and	quantification	of	Fusarium	oxysporum	f.	
sp.	 cubense	 race	 1	 in	 inoculated	 transgenic	 and	 wild-type	 ‘Lady	
Finger’	banana	plants	
	
5.1 Introduction	
Banana	is	the	world’s	most	important	staple	food	and	cash	crop,	with	an	annual	production	
of	over	million	120	 tons	 (Thangavelu	 and	Mustaffa,	 2012).	 The	 crop	 is	 grown	 in	over	120	
countries	 worldwide	 and	 ranks	 fourth	 after	 the	 staple	 cereals	 of	 rice,	 wheat	 and	 maize	
(Thangavelu	and	Mustaffa,	2012).	However,	the	crop	is	threatened	by	the	hemi-biotrophic,	
soil-borne	fungus,	Fusarium	oxysporum	f.	sp.	cubense	(Foc),	which	can	result	in	yield	losses	
of	up	 to	100%	 (Ploetz,	 2006).	 	 There	are	no	effective	 fungicides	 to	 control	 Foc	which	 can	
survive	in	soil	for	up	to	30	years	in	the	form	of	chlamydospores	(Ploetz,	2006).	As	such,	the	
only	 way	 of	 managing	 and	 controlling	 this	 disease	 is	 through	 the	 use	 of	 either	 naturally	
resistant	varieties,	almost	all	of	which	are	agronomically	unsuitable,	or	those	generated	by	
genetic	engineering.		
	
An	 understanding	 of	 the	 interaction	 between	 Foc	 and	 the	 host	 plant	 can	 provide	 vital	
information	in	generating	resistance.	Colonisation	of	plant	tissues	by	fungi	has	been	studied	
using	microscopy	techniques	and	many	studies	have	shown	how	pathogens	can	infect	and	
colonise	 roots	 (Sukno	 et	 al.,	 2008;	 Vargas	 et	 al.,	 2012).	 Identification,	 detection	 and	
quantification	of	Foc	in	different	plant	tissues	can	be	a	powerful	strategy	in	differentiating	
and	 identifying	 susceptible	 and	 resistant	 cultivars.	 The	 traditional	 methods	 used	 for	 the	
detection	 of	 Foc	 race	 1	 in	 plant	 tissue	 have	 relied	 on	 symptoms	 and	 the	 isolation	 and	
identification	of	the	fungus.	Detection	using	the	more	sensitive	polymerase	chain	reaction	
(PCR)	 was	 subsequently	 developed,	 and	 this	 molecular-based	 method	 has	 been	 further	
modified.	Real-time	PCR,	for	example,	is	a	PCR-based	method	which	has	been	used	in	many	
studies	to	detect	and	quantitate	pathogens	in	different	plant	tissues	(Lees	et	al.,	2002).	The	
current	study	investigated	how	Foc	race	1	infects	and	colonises	the	banana	root	tissues.		
	
This	study	aimed	at:	
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1. Developing	a	real-time	PCR	assay	for	detecting	and	quantifying	Foc	race	1	DNA	load	
in	different	banana	tissue	(leaf,	stem,	corm	and	root).	
2. 	Quantifying	 and	 comparing	 the	 amount	 of	 Foc	 race	 1	 DNA	 copies	 in	 susceptible	
‘Lady	 Finger’	 and	 the	highly	 tolerant	 transgenic	 lines	 LF-OsBag4-33	 and	 LF-AtBag4-
69.	
3. 	Assessing	 the	 morphological	 changes	 in	 the	 roots	 of	 various	 banana	 genotypes	
following	12	weeks	exposure	to	Foc	race	1	in	the	glasshouse	
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5.2	Materials	and	methods	
5.2.1	Fungal	material	
The	pathogenic	 strain	 of	Fusarium	oxysporum	 f.	 sp.	 cubense	 race	 1	 (VCG	0124),	 obtained	
from	the	Queensland	Department	of	Primary	 Industries	&	Fisheries	 (QDPI	&	F)	Herbarium	
(accession	number	23078),	was	used	in	this	study.	The	isolate	was	maintained	and	regularly	
subcultured	on	carnation	leaf	agar	(CLA).	To	obtain	mycelium,	micro-	and	macro-conidia,	the	
isolate	 was	 transferred	 onto	 ¼	 strength	 PDA	 medium	 supplemented	 with	 50	 mg/L	
streptomycin	and	incubated	at	25	oC	for	5	days	(Rupela	et	al.,	2003;	Nel	et	al.,	2006;	Paul	et	
al.,	 2011).	Mycelium	 collection	was	 done	 by	 adding	 1	mL	 of	 sterile	 distilled	water	 to	 the	
culture,	scraping	the	surface	using	a	glass	spreader	and	collecting	the	mixture	into	a	sterile	2	
mL	cryovial.	The	collected	mycelium	mixture	was	then	lyophilised	and	stored	at	-	80°C	until	
further	analysis.		
	
5.2.2	Plant	material	
Transgenic	 and	 non-transgenic	 banana	 plantlets	 were	 maintained	 in-vitro	 in	 the	 tissue	
culture	facility	of	the	CTCB	with	monthly	subculturing	on	fresh	media	(section	2.4.1).	Plants	
ready	for	analysis	were	acclimatised	as	described	in	section	2.4.2	for	a	period	of	8	weeks	by	
which	 time	 they	had	 reached	a	height	of	15	cm	and	were	 ready	 to	be	challenged	wit	Foc	
race	1.	
	
5.2.3	Fungal	inoculations	-	Foc	bioassays	
Banana	plantlets	acclimatised	in	the	glasshouse	were	artificially	 inoculated	with	Foc	race	1	
as	described	in	section	2.5	and	2.6	and	assessed	for	a	period	of	12	weeks	under	controlled	
conditions.	 At	 the	 end	 of	 each	 trial	 period,	 leaves,	 stems,	 corms	 and	 roots	 samples	were	
harvested	from	both	inoculated	and	non-inoculated	control	plants	for	further	analysis.	Leaf	
samples	(10	x	10	cm)	were	collected	from	the	second	fully	expended	leaf,	stem	samples	(2	
cm	thick	slices)	were	collected	between	the	bottom	of	the	leaf	stalk	and	5	cm	below,	corm	
tissue	was	 dissected	 and	 three	 cubes	 (1	 x	 1	 x	 1	 cm)	were	 collected	 from	 each	 plant	 and	
finally	three	root	samples	were	collected	from	each	plant.	All	samples	were	stored	at	-	80°C	
until	needed	for	RT-qPCR	and	histology.	
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5.2.4	DNA	isolation	
For	 fungal	 gDNA	 isolation,	 single	 spore	 cultures	of	 Foc	 race	1	 growing	on	¼	 strength	PDA	
supplemented	with	50	mg/L	streptomycin	were	incubated	at	25	oC	for	5	days.	Mycelium	was	
then	harvested	and	stored	as	described	 in	section	5.2.1	until	 further	analysis.	Before	DNA	
extraction,	a	3	mm	stainless	steel	bead	was	added	to	the	lyophilised	mycelium,	which	was	
then	homogenised	to	a	fine	powder	by	vigorous	shaking	in	a	Mini-Bead-Beater-8™	(Biospec	
Products).	 Total	 genomic	 DNA	 was	 extracted	 using	 a	 Wizard®	 Plus	 SV	 Minipreps	 DNA	
Purification	Systems	(Promega)	according	to	the	manufacturer’s	 instructions.	DNA	samples	
were	eluted	into	100	µL	of	nuclease-free	water	and	stored	at	-	20°C	until	needed.	For	plant	
gDNA	 isolation,	 approximately	 50	 mg	 of	 frozen	 leaf,	 stem,	 corm	 or	 root	 tissue	 was	
homogenised	using	a	Mini-Bead-Beater-8™	and	extracted	as	previously	described	in	section	
2.3.1.1.	The	quality	and	quantity	of	the	extracted	fungal	and	plant	gDNA	was	determined	by	
electrophoresis	 through	 a	 1%	 agarose	 gel	 and	 using	 a	 NanoDrop	 2000	 UV-Vis	
Spectrophotometer	(Thermo	Scientific).	Samples	with	absorbance	ratios	(A260/A280)	of	~	1.8	
were	 diluted	 to	 250	 ρg/µL	 from	 which	 2	 µL	 was	 used	 as	 template	 for	 Foc	 detection	 by	
polymerase	 chain	 reaction	 (PCR)	 and	5	µL	was	used	as	 template	 for	 quantification	of	 Foc	
DNA	load	by	real-time	quantitative	PCR	(RT-qPCR).	
	
5.2.5	Polymerase	chain	reaction	(PCR)	for	the	detection	Foc	race	1	
The	 detection	 of	 fungal	 isolate	 by	 PCR	was	 done	 using	 both	 previously	 published	 generic	
primers	 and	 newly	 designed	 primers	 made	 to	 amplify	 either	 the	 translation	 elongation	
factor-1	 α	 (TEF-1α)	 or	 the	 internal	 transcribed	 spacer	 (ITS)	 region	 (Table	 5.1).	 All	 PCR	
reactions	were	set	up	and	carried	out	as	described	in	section	2.3.3.1.	
	
5.2.6	PCR	products	cloning	and	sequencing	
PCR	products	were	electrophoresed	through	either	a	1.5	or	a	2%	agarose	gel	made	in	TAE	
buffer	as	described	in	2.3.4.2.Fragments	of	interest	were	excised	from	the	gel,	purified,	and	
ligated	into	the	pGEM®-T	Easy	vector	as	described	in	sections	2.3.4.3	to	2.3.4.5.	
	
Ligation	products	were	cloned	 into	chemically	competent	E.	coli	XL1	Blue	cell	 (Stratagene)	
using	 a	 heat	 shock	 method	 (Inoue	 et	 al.,	 1990)	 as	 described	 in	 section	 2.3.6.2.	 Colonies	
containing	an	insert	were	identified	by	rapid	colony	PCR	using	the	M13F/	M13R	primer	set			
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Table	5.1.	Oligonucleotides	used	for	PCR,	qPCR	and	sequencing	
	
Primer	name	 Sequence	nucleotide	(5’à3’)	
Primer	
length	
(bp)	
Amplicon	
length			
(bp)	
References	
EF-1F	 ATGGGTAAGGA(A/G)GACAAGAC	 20	
648	 O’Donnell	et	al.,	(1998)	
EF-2R	 GGA(G/A)GTACCAGT(G/C)ATCATGTT	 21	
ITS1F	 TCCGTAGGTGAACCTGCGG	 19	
544	 White	et	al.,	(1990)	
ITS4R	 TCCTCCGCTTATTGATATGC	 20	
FOC_ITS_qPCR_F1	 ATACCACTTGTTGCCTCGGCGGAT	 24	
172	 This	study	
FOC_ITS_qPCR_R1	 	CATTTTGCTGCGTTCTTCATCG	 22	
Foc_qPCR_F2		 TCATTTCAACCCTCAAGCACAC	 22	
169	 This	study	
Foc_qPCR_R2	 CCGAGGTCAACATTCAGAAGT	 21	
M13F	 TGAAAACGACGGCCAGT	 17	 	
(Ge	et	al.,	2014)	
M13R	 CAGGAAACAGCTATGACC	 18	 	
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(Table	5.1).	Single	recombinant	bacterial	colonies	growing	on	solid	LB	media	supplemented	
with	100	mg/L	ampicillin	were	inoculated	into	3	mL	of	liquid	LB	media	containing	100	mg/L	
ampicillin	and	 incubated	at	37°C	 for	up	to	16	h	with	shaking	 (200	rpm).	Plasmid	DNA	was	
isolated	 from	 recombinant	 cultures	 using	 a	 Wizard®	 Plus	 SV	 Minipreps	 DNA	 Purification	
Systems	(Promega)	according	to	the	manufacturer’s	instructions.	The	quality	and	quantity	of	
the	 purified	 plasmid	was	 assessed	 by	 spectrophotometry	 as	 previously	 described	 (section	
2.3.1.3).	The	presence	and	length	of	the	insert	was	verified	by	restriction	digest	using	EcoRI	
followed	 by	 electrophoresis	 through	 agarose	 gels.	 Inserts	 were	 fully	 sequenced	 in	 both	
directions	 as	 described	 in	 section	 2.3.4.5,	 using	 the	M13F	 and	M13R	 primers	 in	 separate	
reactions.	
	
5.2.7	Sequence	analysis	
Sequence	 results	 were	 analysed	 using	 BLAST	 search	 (NCBI).	 Contiguous	 sequences	 were	
generated	 using	 the	 Seqman	 module	 of	 DNASTAR	 6.0	 to	 obtain	 a	 consensus	 sequence.	
Alignment	 was	 performed	 using	 the	 online	 multiple	 alignment	 sequence	 tool	 of	 CLC	
genomic	workbench	version	6.5.2.	
	
5.2.8		Real-Time	quantitative	PCR	(RT-qPCR)	
For	the	quantification	of	Foc	race	1	 in-planta,	an	absolute	quantification	method	was	used	
to	 determine	 the	 exact	 number	 of	 Foc	 race	 1-genome	 copies	 present	 in	 each	 inoculated	
sample.	To	do	this,	a	carefully	designed	and	optimised	standard	curve	needed	to	be	created	
to	assign	quantities	to	each	unknown	sample.		Therefore,	a	169	bp	fragment	specific	to	the	
internal	 transcribed	 spacers	 (ITS)	 region	 of	 Foc	 was	 PCR	 amplified	 with	 primer	 set	
Foc_qPCR_F2/Foc_qPCR_R2,	cloned	into	pGEM®-T	Easy	(3015	bp)	and	used	as	template	for	
the	standard	curve.	Initially,	the	concentration	of	the	3184	bp	(insert	+	vector)	plasmid	was	
accurately	calculated	using	the	QuantiFluor®	dsDNA	System	(Promega).	In	brief,	the	plasmid	
was	linearised	using	the	restriction	enzyme	Mlu1	and	four	dilutions	of	the	linearised	plasmid	
(1:50,	 1:100,	 1:500	 and	 1:1000)	were	 electrophoresed	 alongside	 a	 Lambda	DNA	 standard	
curve	(2,	1,	0.5,	0.2,	0.1,	0.02	and	0	ng/uL).	The	concentration	of	the	linearised	plasmids	was	
calculated	in	ng/uL	as	well	as	the	number	of	copies	of	plasmid	molecules	per	uL.	From	this	
information	 the	 plasmid	was	 diluted	 to	 a	 stock	 concentration	 of	 108	 copies/uL,	 aliquoted	
and	stored	at	-80	C	until	needed	for	qPCR.	
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Real	 time	PCR	was	performed	on	a	Rotor-Gene	Q	Real	Time	PCR	machine	 (QIAGEN)	using	
qPCR	Master	Mix	(Promega)	following	the	manufacturer’s	instruction.	Results	were	analysed	
using	 a	 combination	 of	 the	 manufacturer’s	 software	 (Rotor-Gene	 Q	 version	 1.7)	 and	
Microsoft	Office	Excel.	Each	sample	was	run	in	triplicate	and	each	reaction	(20	µL)	consisted	
of	10	µL	of	2x	ready	to	use	SYBR	Green	Master	Mix,	1	µL	of	each	primer	(Foc_qPCR_F2	and	
Foc_qPCR_R2),	 3	 µL	 of	 nuclease-free	water	 and	5	µL	 (10	ng)	 diluted	DNA	extract.	 Cycling	
conditions	 used	were,	 an	 initial	 DNA	 denaturing	 step	 for	 10	min	 at	 95oC,	 followed	 by	 40	
cycles	of	15	sec	at	95oC,	1	min	at	60oC	and	20	sec	at	72oC.	After	the	final	amplification	cycle,	
a	melting	curve	temperature	profile	was	obtained	by	heating	to	95	oC,	cooling	to	60	oC,	and	
slowly	heating	to	95	oC	at	0.5	oC	every	15	s	with	continuous	measurement	of	fluorescence	at	
520	nm.		
	
Samples	included	DNA	extracted	from	leaf,	stem,	corm	and	root	tissue	of	i)	inoculated	and	
non-inoculated	wild-type	 ‘Lady	 Finger’	 plants,	 (ii)	 inoculated	 and	non-inoculated	 plants	 of	
transgenic	 line	 LF-OsBag4-33	 and	 (iii)	 inoculated	 and	 non-inoculated	 plants	 of	 transgenic	
line	LF-At-Bag4-69.	A	standard	curve	consisting	of	eight	10-fold	serial	dilutions	(in	triplicates)	
starting	at	108	plasmid	copies	 (108,	107,	106,	105,	104,	103,	102,	101),	no-template	 controls	
and	no-amplification	controls	were	 included	 in	each	 run	 in	 triplicates.	The	 standard	curve	
was	 obtained	 by	 plotting	 the	 logarithm	 of	 each	 10-fold	 serial	 dilutions	 against	 their	
corresponding	 cycle	 threshold	 (Ct)	 values	 and	 the	 number	 of	 copies	 of	 pathogen	 DNA	 in	
each	unknown	sample	was	calculated	by	Ct	value	comparison	against	the	standard	curve.	To	
confirm	 the	 presence	 of	 a	 single	 amplicon	 of	 169	 bp,	 each	 reaction	 from	 standards	 and	
unknown	samples	were	visualised	after	electrophoresis	through	a	1.5	%	agarose	gels.	
	
5.2.9	Histology	
The	 histological	 study	 of	 the	 colonisation	 of	 banana	 roots	 by	 Foc	 race	 1	was	 done	 using	
samples	 (root	 and	 corm)	 collected	at	 the	end	of	 the	 final	 Foc	 race	1	 small	 plant	bioassay	
(Trial7),	12	weeks	post-exposure	to	Foc	race	1	under	glasshouse	conditions.	Samples	were	
fixed,	prepared	and	viewed	under	both	bright	field	and	confocal	microscopy	as	described	in	
section	2.7.	
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5.2.10	Statistical	analysis	
Data	was	analysed	using	a	one-way	analysis	of	variance	(ANOVA)	followed	by	LSD	Post	Hoc	
testwith	 statistical	 significance	 reported	 at	 a	 level	 of	 P<0.05	 using	 the	 Genstat	 statistical	
package	version	7.1.	
	
5.3	Results	
A	 number	 of	 studies	 have	 reported	 the	 use	 of	 polymerase	 chain	 reaction	 (PCR)	 for	 the	
detection	 of	 fungal	 plant	 pathogens	 based	 on	 conserved	 genomic	 regions	 such	 as	 the	
translation	elongation	factor-1α	(TEF-1α)	or	the	internal	transcribed	spacer	(ITS)	(Glass	and	
Donaldson,	1995;	Kageyama	et	al.,	1997;	Dubey	et	al.,	2014).	This	study	aimed	to	adapt	and	
refine	the	use	of	some	of	these	molecular	markers	for	the	detection	of	Foc	race	1	in-planta.	
	
5.3.1	Development	of	a	molecular	marker	for	the	detection	and	quantification	of	Foc	race	
1	in-planta	
5.3.1.1	Qualitative	PCR	detection	of	Foc	race	1	and	primer	optimisation	
Initially,	 attempts	 were	 made	 to	 detect	 Foc	 race	 1	 using	 primers	 designed	 to	 amplify	 a	
fragment	of	 the	 translation	elongation	 factor-1α	 (TEF-1α)	 gene	 (Table	 5.1).	Genomic	DNA	
was	 purified	 from	 both	 a	 colony	 of	 Foc	 race	 1	 and	 from	 Foc	 race	 1	 inoculated	 and	 non-
inoculated	banana	plants	and	used	as	template	in	PCR	reactions	with	primer	set	EF-1F/EF2-
R.	 The	 reactions	 yielded	 the	 expected	 size	 fragments	 of	 648	 bp	 (Figure	 5.1),	 which	were	
subsequently	 cloned	 and	 sequenced.	 Sequence	 analysis	 of	 all	 amplicons	 revealed	 high	
specificity	to	Fusarium	oxysporum	(Fo)	species	but	none	was	specific	to	Fusarium	oxysporum	
f.	sp.	cubense	 (Foc)	race	1.	Based	on	this	result,	 it	was	considered	that	(i)	 the	EF-1F/EF2-R	
primers	were	probably	designed	 in	 very	highly	 conserved	 regions	of	 the	TEF-1α	gene	and	
that	 this	 region	 was	 probably	 too	 highly	 conserved	 to	 enable	 discrimination	 between	
species	of	Fo.	
	
To	assess	whether	Foc	 race	1-specific	primers	 could	be	designed	using	TEF-1α	 sequences,	
the	 TEF-1α	 sequences	 (on	 NCBI)	 from	 several	 Foc	 race	 1	 isolates	 were	 aligned.	
Unfortunately,	 no	 polymorphic	 regions	 were	 found	 on	 which	 to	 design	 suitable	 primers.	
Therefore,	 another	 region	 of	 the	 Foc	 genome	was	 targeted	 for	 amplification,	 namely	 the	
ribosomal	region	spanning	the	internal	transcribed	spacers	(ITS1	and	ITS2)	surrounding	the		
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Figure	5.1.	PCR	detection	of	Foc	race	1	using	translation	elongation	factor-1α	(TEF-1α)	primers.	Primer	set	TEF-
1/TEF-2	from	O’Donnell	et	al.,	1998.	A,	Foc	race	1	gDNA	used	as	template;	B,	gDNA	from	Foc	race	1	inoculated	and	
non-inoculated	 plants	 used	 as	 template;	 P,	 Foc	 race	 1	 genomic	 DNA	 used	 as	 positive	 control;	 N,	 non-template	
control	and	M,	DNA	molecular	weight	marker.	Lanes	A,	1-2	Foc	race	1	gDNA	as	template	in	duplicate;	lanes	B,	1-8	
Foc	race	1	inoculated	plants	and	lanes	B,	9-15	non-inoculated	plants.	
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5.8S-coding	sequence.	Using	primer	set	 ITS1/ITS4	(White	et	al.,	1990)	and	gDNA	extracted	
from	a	colony	of	Foc	race	1	as	template,	an	expected	size	fragment	of	544	bp	was	obtained	
in	addition	to	a	200	bp	fragment.	The	544	bp	amplicon	was	cloned	and	sequence	analysis	
confirmed	its	identity.	
	
To	design	more	specific	primers	suitable	for	both	PCR	and	qPCR,	a	multiple	alignment	was	
done	of	all	Foc	complete	sequences	 (from	NCBI)	of	 the	 internal	 transcribed	spacer	1,	5.8S	
ribosomal	 RNA	 gene,	 and	 internal	 transcribed	 spacer	 2.	 A	 simple	 nucleotide	word	 search	
identified	 a	 total	 of	 32	 potential	 sequences,	 12	 of	which	were	 complete	 across	 the	 three	
regions	and	were	selected	and	aligned	using	the	online	multiple	alignment	sequence	tool	of	
CLC	genomic	workbench	version	6.5.2	(Table	5.2	and	Figure	5.2).	The	generated	consensus	
sequence	 from	 that	 alignment	was	 used	with	 the	 online	 freeware	 Primer3	 to	 generate	 2	
specific	primers,	 FOC_ITS_qPCR_F1	and	FOC_ITS_qPCR_R1,	which	would	amplify	 a	172	bp	
portion	of	the	Foc	ITS	region.	When	the	newly	designed	primers	were	used	in	a	PCR	reaction	
with	Foc	race	1	gDNA	as	template,	the	expected	172	bp	fragment	was	amplified	along	with	a	
non-specific	 fragment.	Because	of	 the	 lack	of	 specificity,	 a	new	 set	of	 primers	designated	
Foc_qPCR_F2	 and	 Foc_qPCR_R2	 were	 designed	 from	 a	 different	 location	 of	 the	 same	
multiple	alignment	to	amplify	a	169	bp	Foc	ITS	fragment.	This	new	set	of	primers	was	tested	
in	a	PCR	reaction	using	Foc	race	1	gDNA	as	template.	A	single	expected	size	fragment	of	169	
bp	was	amplified	and	cloned,	and	sequence	analysis	confirmed	its	identify.	
	
Prior	 to	using	 the	newly	designed	primers	 for	qPCR	quantification,	a	number	of	PCR	 tests	
were	done	to	assess	the	specificity	of	the	primers	using	template	DNA	from	various	sources	
including	 fungal	 isolates,	 leaf,	 stem,	 corm	 and	 root	 tissue	 from	 inoculated	 and	 non-
inoculated	plants	to	be	quantified	at	a	later	stage	(Figure	5.3).	Initially,	genomic	DNA	from	
four	different	Foc	race	1	isolates	(Chapter	2.5)	was	tested	in	triplicate	and	the	expected	169	
bp	 fragment	 was	 specifically	 amplified	 in	 all	 cases	 (Figure	 5.3,	 A).	When	 gDNA	 extracted	
from	 leaf,	 stem,	 corm	 or	 root	 tissue	 collected	 from	 non-inoculated	 ‘Lady	 Finger’	 banana	
plants	was	used	a	template,	no	amplicons	were	generated	as	expected.	In	contrast,	a	169	bp	
product	was	amplified	from	all	but	one	gDNA	extract	derived	from	inoculated	‘Lady	Finger’	
plants	(Figure	5.3,	B	and	C).	Using	gDNA	extracted	from	the	inoculated	transgenic	LF-	
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Table	5.2.	ITS	sequences	used	for	multiple	alignment	and	primer	design	
Organism	 Accession	number	 Size	(bp)	
Fusarium	oxysporum	f.	sp.	cubense	 EU022522.1	 508	
Fusarium	oxysporum	f.	sp.	cubense	 EU022521.1	 510	
Fusarium	oxysporum	f.	sp.	cubense	 HQ694500.1	 544	
Fusarium	oxysporum	f.	sp.	cubense	 EF590328.1	 544	
Fusarium	oxysporum	f.	sp.	cubense	 EU780660.1	 520	
Fusarium	oxysporum	f.	sp.	cubense	 EF155534.1	 544	
Fusarium	oxysporum	f.	sp.	cubense	 AY864891.1	 543	
Fusarium	oxysporum	f.	sp.	cubense	 HM159366.1	 505	
Fusarium	oxysporum	f.	sp.	cubense	 DQ889176.1	 569	
Fusarium	oxysporum	f.	sp.	cubense	 DQ889175.1	 569	
Fusarium	oxysporum	f.	sp.	cubense	 EU395428.1	 418	
Fusarium	oxysporum	f.	sp.	cubense	 EU332405.1	 477	
	
	
	
	
	
	
	
 	
 
172	
	
	
 	
 
173	
Figure	5.2.	Multiple	alignment	of	Foc	ITS	complete	sequences	extracted	from	NCBI.	Alignment	was	
done	using	 the	online	multiple	alignment	 sequence	 tool	of	CLC	genomic	workbench	version	6.5.2.	
Designed	 primers	 are	 shown	 in	 boxes	 as	 follow,	 green	 box,	 primer	 FOC_ITS_qPCR_F1;	 bleu	 box,	
primer	FOC_ITS_qPCR_R1;	red	box,	primer	Foc_qPCR_F2	and	yellow	box,	primer	Foc_qPCR_R2.	
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Figure	5.3.	PCR	detection	of	Foc	race	1	in	inoculated	and	non-inoculated	banana	samples	12	weeks	post-
inoculation	 using	 primer	 set	 Foc_qPCR_F2/Foc_qPCR_R2.	A,	 lane	 1-12	 gDNA	 from	4	 Foc	 race	 1	 isolates	
analysed	 three	 times;	 B,	 non-inoculated	 ‘Lady	 Finger’	 plants;	 C,	 inoculated	 ‘Lady	 Finger’	 plants;	 D,	
inoculated	transgenic	LF-AtBag4-81;	E,	inoculated	transgenic	LF-OsBag4-33	and	F,	inoculated	transgenic	LF-
AtBag4-69	plants.	For	 images	B-F,	 lanes	1-3	are	 leaf	 samples	 from	3	separate	plants,	 lanes	4-6	are	stems	
samples	from	3	separate	plants,	 lanes	7-9	are	corms	samples	from	3	separate	plants	and	 lanes	10-12	are	
root	 samples	 from	 3	 separate	 plants.	 D,	 lane	 13	 is	 inoculated	 ‘Lady	 Finger’	 plants	 control.	 P,	 linearised	
plasmid	DNA	(containing	the	previously	169	bp	cloned	fragment	for	sequencing)	as	positive	control	and	N,	
non-inoculated	plant	as	negative	control.	
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AtBag4-81	samples,	a	169	bp	amplicon	was	seen	in	10	samples	(2	leaf,	3	stem,	2	corm	and	3	
root	 samples)	 (Figure	 5.3,	 D).	 From	 the	 inoculated	 transgenic	 LF-OsBag4-33	 samples,	 8	
tested	positive	(3	leaf,	3	stem,	2	corm	and	0	root	samples)	(Figure	5.3,	E).	Finally,	from	the	
inoculated	transgenic	LF-AtBag4-69,	7	samples	tested	positive	(1	leaf,	2	stem,	2	corm	and	2	
root	 samples)	 (Figure	 5.3,	 F).	 These	 results	 demonstrated	 the	 specificity	 of	 the	 designed	
primers	which	were	subsequently	used	in	quantification	studies.	
	
5.3.1.2	Quantitative	real-time	PCR	detection	of	Foc	race	1	in-planta	
Following	optimisation	of	the	ITS	primers	using	conventional	PCR,	the	primers	were	tested	
by	 qPCR	 to	 generate	 a	 standard	 curve	 from	which	 the	 number	 of	 Foc	 race	 1	DNA	 copies	
present	in	all	unknown	samples	could	be	calculated.	The	standard	curve	consisted	of	eight	
10-fold	 dilutions	 (108	 to	 10	 copies)	 of	 a	 linearised	 plasmid	 containing	 the	 169	 bp	 ITS	
fragment	of	Foc	race	1.	A	representative	standard	curve	generated	on	a	qPCR	run	as	well	as	
the	associated	melt	curves	for	all	the	standards	and	samples	in	that	run	are	shown	in	Figure	
5.4.	Highly	reproducible	Ct	values	with	small	deviations	were	observed,	the	linear	regression	
coefficient	(R2)	of	the	standard	curves	was	consistently	superior	to	0.99	and	each	standard	
dilution	 was	 separated	 by	 4	 cycles	 under	 the	 PCR	 conditions.	 The	 PCR	 product	 of	 each	
reaction	was	also	electrophoresed	through	a	1.5	%	agarose	gel	to	confirm	amplification.	
	
The	 fungal	 load	 present	 in	 different	 tissues	 of	 non-inoculated	 and	 artificially	 inoculated	
plants	 was	 then	 quantified	 by	 qPCR	 using	 the	 optimised	 standard	 curve	 conditions.	 This	
experiment	 included	 three	 inoculated	 and	 three	 non-inoculated	 plants	 of	 the	 wild-type	
‘Lady	 Finger’,	 three	 inoculated	 and	 three	 non-inoculated	 plants	 of	 the	 transgenic	 line	 LF-
OsBag4-33	and	three	inoculated	and	three	non-inoculated	plants	of	the	transgenic	 line	LF-
AtBag4-69.	For	each	plant,	DNA	extracted	from	one	leaf,	one	stem,	one	corm	and	one	root	
sample	was	used	as	template	for	triplicate	qPCR	analysis.	
	
As	expected,	no	products	were	amplified	from	any	of	the	non-template	control	samples,	the	
no-amplification	 control	 samples	 and	 samples	 collected	 from	 non-inoculated	 tissue.	 In	
contrast,	Foc	race	1	was	detected	and	quantified	in	inoculated	wild-type	‘Lady	Finger’	plants	
and	 found	to	be	most	abundant	 in	stem	tissue	 (3.25	X	108	copies),	 followed	by	 leaf	 tissue	
(3.03	X	108	copies).	The	fungal	load	in	corm	and	root	tissues	were	not	only	lower	with	2.8	X		
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Figure	 5.4.	 Standard	 curve	 analysis	 (A)	 and	 melting	 curve	 analysis	 (B)	 generated	 from	 a	
representative	 qPCR	 run.	 A,	 BLUE	 dots	 ()	 are	 10-fold	 serial	 dilutions	 (in	 triplicates)	 starting	 at	 108	
plasmid	copies	(108,	107,	106,	105,	104,	103,	102,	101)	and	RED	dots	()	are	unknown	samples.	B,	the	melt	
curves	show	a	single	peak	at	86°C	consistent	with	good	primer	specificity.	
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108	 and	2.35	X	 108	 copies,	 respectively,	 but	 the	 load	 in	 root	 tissues	was	 also	 significantly	
(P<0.05)	different	 from	the	 load	 in	the	stem	and	 leaf	 tissues	 (Figure	5.5	and	Table	5.3).	 In	
the	two	selected	transgenic	lines,	LF-OsBag4-33	and	LF-AtBag4-69,	however,	the	fungal	load	
was	 significantly	 reduced	 in	 all	 tissues	 compared	 to	 the	wild-type	 and	 to	 each	 other	 at	 a	
minimum	 confidence	 of	 P=0.007	 (Table	 5.3).	 Compared	 to	 all	 the	 samples	 tested,	 LF-
OsBag4-33	 had	 the	 lowest	 amount	 of	 detectable	 fungal	 load	 (Figure	 5.6).	 The	 amount	 of	
detectable	Foc	race	1	DNA	in	LF-OsBag4-33	was	lowest	in	the	leaf	(8.06	copies)	and	also	low	
in	 the	 corm	 (9.53	 copies)	 followed	 by	 significantly	 (P<0.05)	 higher	 levels	 detected	 in	 the	
stem	(26.7	copies)	and	 the	 roots	 (52.34	copies)	 (Figure	5.6).	The	 levels	of	Foc	 race	1	DNA	
detected	 in	 all	 tissues	 of	 transgenic	 line	 LF-AtBag4-69	 were	 significantly	 lower	 (P<0.007)	
than	 those	detected	 in	 the	wild-type	 ‘Lady	Finger’	 (by	a	106	order	of	magnitude)	but	also	
significantly	higher	(P<0.007)	than	those	detected	in	the	transgenic	line	LF-OsBag4-33	(by	a	
102	order	of	magnitude).	In	line	LF-AtBag4-69,	the	lowest	levels	were	detected	in	the	corm	
(568.9	copies),	followed	higher	levels	 in	the	leaves	(661.3	copies)	and	stem	(730.7	copies).	
Finally,	 similar	 to	 line	 LF-OsBag4-33,	 the	 highest	 levels	were	 detected	 in	 the	 roots	 (858.6	
copies)	(Figure	5.7).	
	
5.3.2	Qualitative	detection	of	Foc	race	1	in-planta	using	microscopy	
Since	fungal	load	could	be	accurately	quantified	in	Foc	race	1	inoculated	banana	root	tissue	
using	qPCR	(as	demonstrated	above),	it	was	hypothesied	that	it	should	be	relatively	easy	to	
observe	 these	 significant	 differences	 using	 microscopy	 techniques.	 In	 order	 to	 test	 this,	
every	 root	 sample	 for	 this	experiment	was	 collected	at	 the	 same	 time	as	 the	 samples	 for	
qPCR	analysis	(section	5.3.1.2)	and	at	the	end	of	a	typical	Foc	race	1	glasshouse	infectivity	
trial	during	which	 inoculated	plants	were	exposed	to	Foc	race	1	 for	a	period	of	12	weeks.	
Importantly,	 the	 soil	 mixture	 that	 was	 used	 to	 grow	 the	 plants	 (Chaper	 2.2.2)	 was	
thoroughly	 steamed	 beforehand	 to	 minimise	 the	 amount	 of	 exposure	 to	 other	 potential	
fungal	pathogens	or	endophytes.	
	
Root	samples	of	the	Foc	race	1	susceptible	wild-type	cultivar	‘Lady	Finger’,	resistant	cultivar	
‘Williams’	 and	 two	 highly	 tolerant	 transgenic	 lines,	 LF-OsBag4-33	 and	 LF-AtBag4-69,	were	
examined	using	three	different	microscopy	techniques.	Initially,	three	different	stains		
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Figure	5.5.	Foc	race	1	quantification	in	leaf,	stem,	corm	and	root	tissues	from	inoculated	wild-type	
‘Lady	Finger’	banana.	All	samples	were	collected	12	weeks	post-inoculation.	Results	are	means	of	3	
biological	replicates	each	analysed	in	triplicate	(n=	9)	±	SE.	Bars	represented	by	same	letter	are	not	
significantly	different	(P<0.05).	
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Table	5.3.	Quantification	of	Fusarium	oxysporum	f.	sp.	cubenserace	1	in	the	leaves,	stem,	corms	and	root	
tissues	of	artificially	inoculated	banana	plants	
Focrace	1	copy	number	
Line		 Leaf	 Stem	 Corm	 Root	
‘Lady	Finger’	 3.03 ± 0.29 ×10!	 3.25 ± 0.49 ×10!	 2.80 ± 0.33 ×10!	 2.35 ± 0.41 ×10!	
LF-OsBag4-33	 8.06 ± 1.13	 26.7 ± 7.0	 9.53 ± 2.68	 52.34 ± 3.97	
LF-AtBag4-69	 661.33 ± 13.1	 730.7 ± 7.88	 568.91 ± 38.5	 838.56 ± 16.5	
P-Value*	 0.001	 	0.001	 	0.001	 0.007	
*For	each	tissue	type,	mean	values	for	each	line	(‘Lady	Finger’,	LF-OsBag4-33	and	LF-AtBag4-69)	were	compared	to	each	
other	using	one-way	ANOVA	followed	by	LSD	Post	Hoc	test	with	statistical	significance	reported	at	a	level	of	P<0.05.	
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Figure	5.6.	Foc	race	1	quantification	in	leaf,	stem,	corm	and	root	tissues	from	inoculated	transgenic	
‘Lady	 Finger’	 banana	 line	 LF-OsBag4-33.	 All	 samples	 were	 collected	 12	 weeks	 post-	 inoculation.	
Results	are	means	of	3	biological	replicates	each	analysed	in	triplicate	(n=	9)	±	SE.	Bars	represented	
by	same	letter	are	not	significantly	different	(P<0.05).	
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Figure	5.7.	Foc	race	1	quantification	in	leaf,	stem,	corm	and	root	tissues	from	inoculated	transgenic	
‘Lady	 Finger’	 banana	 line	 LF-AtBag4-69.	 All	 samples	 were	 collected	 12	 weeks	 post-inoculation.	
Results	are	means	of	3	biological	replicates	each	analysed	in	triplicate	(n=	9)	±	SE.	Bars	represented	
by	same	letter	are	not	significantly	different	(P<0.05).	
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(Trypan	blue,	Lacto-Fuchsin	and	Congo	red)	were	used	to	examine	fungal	colonisation	and	
cellular	morphological	changes	in	the	roots	using	bright	field	light	microscopy.	Following	12	
weeks	 exposure	 to	 Foc	 race	 1,	 cellular	 damage	 associated	 with	 fungal	 mycelium	 was	
observed	and	was	more	abundant	in	the	susceptible	cultivar	‘Lady	Finger’	(Figure	5.8,	A-C)	
than	 in	 the	 resistant	 cultivar	 ‘Williams’	 (Figure	 5.8,	 D-F)	 and	 both	 of	 the	 transgenic	 lines	
(Figure	5.8,	G-L).	The	limitations	of	bright	field	microscopy	(low	resolution,	low	contrast	and	
need	 to	 use	 a	 stain)	 can	 make	 the	 identification	 and	 differentiation	 of	 plant	 and	 fungal	
components	 difficult.	 Therefore,	 the	 same	 samples	 were	 stained	 with	 Lacto-Fuchsin	 and	
examined	 using	 a	 scanning	 confocal	microscope	 to	 allow	 for	much	 better	 resolution	 and	
contrast.	 Figure	 5.9	 shows	 the	 same	 inoculated	 and	 non-inoculated	 samples	 stained	with	
Lacto-Fuchsin	 and	 viewed	 under	 confocal	 microscopy	 with	 a	 DAPI	 filter.	 Under	 these	
conditions,	 fungal	 structures	 appear	 bright	 red	 and,	 as	 expected,	 no	 red	 staining	 was	
observed	 in	 the	 non-inoculated	 tissue	 (Figure	 5.9,	 A-D).	 In	 contrast,	 fungal	mycelium	 and	
hyphae	 were	 abundant	 in	 the	 root	 tissue	 of	 the	 susceptible	 ‘Lady	 Finger’	 and	 resistant	
‘Williams’	plants.	However,	whereas	 root	 cells	of	 ‘Lady	Finger’	appeared	disorganised	and	
severely	 damaged	 (Figure	 5.9,	 E),	 root	 cells	 from	 cultivar	 ‘‘Williams’’	 kept	 their	 integrity	
despite	extensive	colonisation	with	the	pathogen	Figure	5.9,	F).	Similar	to	root	cells	of	the	
resistant	control	‘William’,	cells	of	the	transgenic	lines	LF-OsBag4-33	and	LF-AtBag4-69	had	
considerable	fungal	colonisation	but	very	 little	cellular	damage	that	could	be	attributed	to	
the	activity	of	the	fungal	pathogen	(Figure	5.9,	G	and	H).	
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Figure	5.8.	Foc	race	1	colonisation	of	wild-type	and	transgenic	banana	roots	viewed	under	bright	field	
microscopy.	 Samples	were	 collected	 12	weeks	 post-inoculation	 and	 consisted	 of	 Foc	 race	 1	 inoculated	
‘Lady	 Finger’	wild-type	 (panels	 A,	 B	 and	C),	 ‘Williams’	wild-type	 (panels	D,	 E	 and	 F),	 transgenic	 line	 LF-
OsBag4-33	(panels	G,	H	and	I)	and	transgenic	 line	LF-AtBag4-69	(panels	J,	K	and	L).	Fungal	evidence	and	
cell	wall	damage	is	indicated	by	red	arrows.	Three	different	stains	were	used	namely,	trypan	blue	(BLUE)	
(panels	A,	D,	G	and	J),	Lacto-Fuchsin	(PINK)	(panels	B,	E,	H	and	K)	and	Congo	red	(RED)	(panels	C,	F,	I	and	
L).	
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Figure	 5.9.	 Foc	 race	 1	 colonisation	 of	wild-type	 and	 transgenic	 banana	 roots	 viewed	
under	 confocal	 microscopy.	 All	 samples	 were	 stained	 with	 Lacto-Fuchsin	 and	 viewed	
with	a	DAPI	 filter.	 Samples	were	 collected	12	weeks	post-inoculation	and	 consisted	of	
non-inoculated	 tissues	 from	 ‘Lady	 Finger’	 wild-type	 (A);	 ‘Williams’	 wild-type	 (B);	
transgenic	 line	 LF-OsBag4-33	 (C);	 transgenic	 line	 LF-AtBag4-69	 (D)	 and	 Foc	 race	 1	
inoculated	 tissues	 from	 ‘Lady	 Finger’	wild-type	 (E);	 ‘Williams’	wild-type	 (F);	 transgenic	
line	 LF-OsBag4-33	 (G)	 and	 transgenic	 line	 LF-AtBag4-69	 (H).	 Fungal	 structures	 and	
associated	cell	wall	damage	is	indicated	by	white	arrows.	
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5.4	Discussion	
Fusarium	 wilt,	 also	 known	 as	 Panama	 disease,	 is	 caused	 by	 Fusarium	 oxysporum	 f.	 sp.	
cubense	 (Foc)	 and	 is	 one	 of	 the	 most	 devastating	 fungal	 diseases	 of	 banana	 worldwide	
(Hwang	and	Ko,	2004;	Thangavelu	et	al.,	2004).	The	pathogen	colonises	and	spreads	through	
the	 vascular	 system	 and	 subsequently	 moves	 out	 of	 the	 xylem	 into	 surrounding	 tissues.	
Early	 and	 accurate	 detection	 of	 Foc	 in	 any	 part	 of	 the	 plant	 is	 important	 for	 better	
management	 and	 control	 of	 the	 disease	 but	 also	 for	 monitoring,	 surveying	 and	
epidemiology	studies	of	the	pathogen.	More	 importantly,	quantification	of	the	fungal	 load	
within	the	plant	gives	valuable	information	not	only	on	host/pathogen	interactions	but	also	
on	the	rate	of	disease	progression	especially	during	slow	and	mild	symptom	development.	
	
The	main	objective	of	the	research	presented	in	this	Chapter	was	to	develop	and	optimise	a	
method	to	detect	Foc	race	1	 in-planta	during	glasshouse	bioassays	and	allow	 its	accurate,	
reliable	and	repeatable	quantification	using	quantitative	PCR	(qPCR).	Fungal	genes	that	are	
known	to	be	mostly	conserved	but	with	enough	sequence	variation	are	usually	selected	for	
designing	 PCR	 diagnostic	 assays	 and	 performing	 phylogenetic	 analysis.	 The	 internal	
transcribed	spacer	(ITS)	of	ribosomal	RNA	genes	is	the	most	common	region	used	for	these	
purposes	as	 it	 contains	highly	conserved	areas	adequate	 for	genera-	or	 species-consensus	
primer	 designing	 (RNA	 ribosomal	 genes),	 alternating	with	 highly	 variable	 areas	 that	 allow	
discrimination	over	a	wide	range	of	taxonomic	 levels	 (ITS	region)	 (White	et	al.,	1990).	The	
ITS	 regions	 have	 been	 used	 as	 targets	 because	 they	 generally	 display	 sequence	 variation	
between	species,	but	only	minor	variation	within	strains	of	the	same	species	(Henry	et	al.,	
2000).	 Indeed,	among	 the	 regions	of	 the	 ribosomal	cistron,	 the	 ITS	 region	has	 the	highest	
probability	of	successful	identification	for	the	broadest	range	of	fungi,	with	the	most	clearly	
defined	barcode	gap	between	inter-	and	intraspecific	variation	(Schoch	et	al.,	2012).	For	the	
purpose	of	this	study,	a	set	of	specific	qPCR	primers	were	designed	from	conserved	regions	
of	 the	 Foc	 ITS	 region.	 These	 primers	 were	 firstly	 used	 in	 conventional	 PCR	 reactions	 to	
optimise	the	conditions.	The	primers	were	found	to	not	only	specifically	amplify	the	target	
fragment	from	pure	Foc	race	1	DNA	but	also	from	DNA	extracted	from	various	type	of	plants	
samples	 (leaf,	 stem,	 corm	 and	 root)	 previously	 inoculated	with	 Foc	 race	 1.	 Indeed,	 those	
primers	were	used	to	amplify	a	169	bp	ITS	fragment	from	gDNA	of	pure	Foc	race	1	isolates,	
non-inoculated	 and	 inoculated	 susceptible	 ‘Lady	 Finger’,	 but	 also	 from	 inoculated	
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susceptible	 transgenic	 line	 LF-AtBga4-81,	 and	 tolerant	 transgenic	 lines	 LF-OsBag4-33	 and	
AtBga4-69.	Foc	was	detected	in	all	the	plants	and	in	all	types	of	tissue	tested.	However,	the	
intensity	of	 the	PCR	bands	was	greater	 in	 the	amplified	products	 from	Foc	 race	1	 isolates	
and	from	both	susceptible	plants	‘Lady	Finger’	and	LF-AtBag4-81.	In	the	tolerant	plants	LF-
OsBag4-33	and	LF-AtBag4-69,	however,	the	amplification	was	very	faint.	Considering	that	a	
standardised	0.5	ng	of	gDNA	was	used	as	template	for	each	reaction,	this	difference	in	PCR	
product	intensity	between	susceptible	and	tolerant	plants	was	already	a	good	indication	of	
the	difference	in	amount	of	fungal	inoculum	in	those	plants.	
	
Quantitative	 real-time	 PCR	 (qPCR)	 is	 an	 effective	 technique	 for	 the	 detection	 and	
quantification	of	pathogens	 (viral	and	 fungal)	 in	plants	due	 to	 its	accuracy,	 reproducibility	
and	 sensitivity	 (Bates	 et	 al.,	 2001;	 Baric	 and	 Dalla-Via,	 2004;	 Li	 et	 al.,	 2006;	 Babu	 et	 al.,	
2011).	 Various	 studies	 have	 reported	 the	 quantification	 of	 fungal	 pathogens	 such	 as	 C.	
graminicolar	 in	 maize,	 Fusarium	 oxysporum	 f.	 sp.	 ciceris	 in	 chickpea	 and	 Fusarium	
oxysporum	 f.	 sp.	 cubense	 tropical	 race	4	 in	banana	using	qPCR	 (Lin	 et	al.,	2009;	Lin	 et	al.,	
2010;	Babu	et	al.,	2011;	Mesapogu,	2011;	Lin	et	al.,	2013;	Dubey	et	al.,	2014).	Similarly,	 in	
the	current	study	a	qPCR	based	assay	was	developed	for	the	detection	and	quantification	of	
Foc	using	qPCR	with	a	range	of	sensitivity	from	108	fungal	genome	copies	to	as	low	as	only	
10	copies.	This	tool	was	efficient	in	quantifying	fungal	DNA	from	gDNA	extracts	of	pure	Foc	
race	 1	 cultures.	 But	more	 importantly,	 the	 quantity	 of	 fungal	 DNA	molecules	 (also	 called	
fungal	load)	present	in	various	tissue	samples	from	inoculated	plants	could	be	determined.	
Indeed,	the	fungus	was	found	in	all	tissues	(leaf,	stem,	corm	and	root)	of	susceptible	‘Lady	
Finger’	plants	with	fungal	loads	in	the	range	of	2	to	4	x	108	copies	of	Foc	DNA	molecules.	In	
contrast,	two	of	the	best	Foc	race	1	tolerant	transgenic	‘Lady	Finger’	lines	generated	in	our	
laboratory	only	contained	a	fungal	load	in	the	range	of	5	to	9	x	102	copies	for	line	LF-AtBag4-
69	and	as	low	as	8-60	copies	for	line	LF-OsBag4-33.	Interestingly,	the	maximum	fungal	load	
in	those	two	lines	was	recorded	in	the	roots,	which	are	the	primary	sites	of	infection.	
	
Until	proven	otherwise,	the	utility	of	the	designed	primers	used	in	this	study	is	limited	to	our	
controlled	 conditions	 in	 the	 glasshouse.	 Indeed	 our	 study	 has	 shown	 that	 no	 other	
endophytic	fungal	species	could	be	amplified	using	these	primers	in	any	of	the	plant	tissue	
tested.	However,	it	is	not	known	whether	this	would	be	the	case	for	samples	collected	from	
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plants	growing	under	field	conditions.	Ultimately,	this	set	of	primers	should	only	amplify	the	
ITS	 region	 from	 Foc	 race	 1	 isolates	 allowing	 discrimination	 between	 Foc	 races	 in	 field	
samples.	For	this	purpose	they	should	be	tested	across	a	large	set	of	Foc	race	1	isolates	to	
ensure	 amplification	 occurs.	 In	 addition,	 they	 should	 be	 tested	 across	 a	 large	 set	 of	 Foc	
subtropical	race	4	and	tropical	race	4	isolates	to	confirm	specificity	to	race	1.	If	the	primers	
are	found	to	be	nonspecific,	new	‘race	specific’	primer	sets	will	need	to	be	designed	from	
another	 ITS	 polymorphic	 region	 to	 differentiate	 between	 Foc	 races.	 Other	 housekeeping	
genes	with	higher	variability	could	also	be	used	 for	 that	purpose.	These	could	 include	but	
are	not	limited	to	nuclear	genes	such	as	β-tubulin	(Aroca	et	al.,	2008),	translation	elongation	
factor-1α	(TEF-1α)	(Kristensen	et	al.,	2005),	calmodulin	(Mulè	et	al.,	2004),	avirulence	genes	
(Lievens	 et	al.,	2009),	and	mitochondrial	genes	such	as	 the	multicopy	cox	 I	and	cox	 II	and	
their	intergenic	region	(Seifert	et	al.,	2007).	
	
The	success	of	an	Foc	infection	in	banana	depends	on	a	complex	process	which	involves	five	
major	stages:	(i)	recognition	by	Foc	of	signals	released	by	banana	roots,	(ii)	Foc	attachment	
to	the	banana	root	surface	and	penetration	of	hyphae	into	cortex	tissues,	(iii)	degradation	of	
the	physical	defense	system,	(iv)	proliferation	of	hyphae	and	production	of	microconidia	in	
xylem	tissues,	(v)	secretion	of	fungal	toxin	and	hydrolytic	enzymes	resulting	in	further	tissue	
damage	of	the	 infected	roots	 (Pietro	et	al.,	2003).	From	the	microscopy	work	done	 in	this	
study,	 Foc	 hyphae	 and	 spores	 could	 be	 observed	 in	 all	 tissues	 examined	 from	 the	
susceptible	 ‘Lady	 Finger’	 and	 resistant	 ‘Cavendish’	 banana	 as	 well	 as	 the	 two	 resistant	
transgenic	 lines	 LF-OsBag4-33	 and	 LF-AtBag4-69.	 Even	 though	 the	 proliferation	 appeared	
less	abundant	in	the	resistant	plants,	there	is	no	clear	evidence	that	these	plants	are	better	
able	to	prevent	Foc	from	undergoing	any	of	the	first	four	stages	listed	above	compared	with	
the	 susceptible	 ‘Lady	 Finger’.	 However,	 observations	 made	 in	 the	 present	 study	 clearly	
suggest	that	in	a	susceptible	cultivar	such	as	‘Lady	Finger’,	Foc	is	able	to	inflict	more	damage	
to	the	tissue	it	infects.	Necrotrophic	pathogens	can	hijack	the	plant	cell	death	mechanism	in	
an	effort	to	trigger	suicide	in	the	host	(Dickman	et	al.,	2001).	By	doing	so,	necrotrophs	use	a	
minimal	 amount	 of	 energy	 to	 acquire	 a	 nutrition	 substrate	 on	 which	 to	 thrive	 and	
proliferate.	To	do	this,	stage	five	 listed	above	needs	to	be	discussed	 into	more	detail.	The	
secretion	of	fungal	toxin/s	during	diseases	caused	by	necrotrophic	pathogens	has	been	well	
documented.	Theories	suggest	the	susceptibility	of	a	host	is	conditioned	in	agene-for-gene	
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manner	by	a	single	dominant	locus	in	the	host	and	a	single	pathogen	derived	host-selective	
toxin	(HST)	(Wolpert	et	al.,	2002).	The	oat	victoria	blight	pathogen	Cochliobolus	victoriae,	for	
example,	 produces	 the	 victorin	 HST,	while	 its	 host	 carries	 the	Vb	 gene,	which	 conditions	
both	victoria	 sensitivity	and	disease	 susceptibility.	 Importantly,	 victorin-induced	cell	death	
shares	 many	 similarities	 with	 apoptosis	 (Lorang	 et	 al.,	 2007).	 Toxins	 produced	 by	 many	
necrotrophic	 fungi	 including	Alternaria	 alternata,	Sclerotinia	 sclerotiorum,	Botrytis	 cinerea	
and	 Cercospora	 nicotianae	 induce	 the	 characteristic	 hallmarks	 of	 apoptosis	 in	 plants	
(Dickman	et	al.,	2001;	Dalmais	et	al.,	2011;	Tsuge	et	al.,	2013).	
	
Fusarium	species	 such	as	F.	moniliforme	 produce	a	number	of	phytotoxins	upon	 infection	
(Stone	 et	 al.,	 2000).	 The	 sphinganine	 analog,	 fumonisin	 B1	 (FB1)	 for	 example	 is	 a	 potent	
elicitor	of	PCD	 in	plants.	 Similarly,	F.	oxysporum	 f.	 sp.	cubense	 (Foc)	produces	 fusaric	acid	
(FA)	 and	 beauvericin	 (BEA),	 and	 other	 pectolytic	 enzymes	 in	 culture	 filtrates,	 which	 are	
believed	to	play	a	role	in	pathogenicity	and	may	be	involved	in	xylem	PCD	(Gowen,	1994;	Li	
et	al.,	2013b).	Recently,	using	TUNEL	assays,	Foc	race	1	has	been	shown	to	induce	apoptotic-
like	 PCD	 in	 ‘Lady	 Finger’	 banana,	 a	 feature	 which	 was	 abrogated	 with	 the	 expression	 of	
mammalian	 derived	 anti-apoptosis	 genes	 (Paul	 et	 al.,	 2011).	 This	 study	 also	 showed	 that	
constitutive	expression	of	a	range	of	mammalian	anti-apoptosis	genes	in	the	banana	cultivar	
‘Lady	Finger’	was	able	to	confer	resistance	to	Foc	race	1	under	glasshouse	conditions	(Paul	
et	 al.,	 2011).	 As	 an	 extension	 of	 this	 work	 the	 rice	 and	 Arabidopsis-derived	 Bag4	 anti-
apoptosis	genes	were	expressed	in	‘Lady	Finger’	banana	in	this	study.	Two	lines,	LF-OsBag4-
33	and	LF-AtBag4-69,	showed	enhanced	tolerance	to	Foc	race	1	 in	glasshouse	and	 in-vitro	
assays	but	also	less	Foc-induced	apoptotic	features	as	revealed	by	TUNEL	assays.	
	
How	 do	 anti-apoptosis	 genes	 confer	 protection	 against	 necrotrophic	 fungi?	 Cytological	
studies	on	transgenic	tobacco	have	shown	that	Bcl-2	family	proteins	such	as	Bcl-2,	Bcl-xL	or	
Ced-9	 localise	 to	 the	mitochondria	 and	 other	membrane	 organelles	 like	 the	 vacuole	 and	
chloroplasts	(Chen	and	Dickman,	2004).	Consequently	one	possible	theory	for	the	observed	
superior	resistance	to	necrotrophic	fungi	(and	other	stresses)	in	transgenic	plants	is	that	the	
expression	of	these	genes	improves	the	overall	function	of	these	organelles.	By	contributing	
to	 the	 maintenance	 of	 organelle	 homeostasis	 under	 stress	 conditions	 these	 genes	 may	
prevent	 cell	 death	 and	 enhance	 plant	 resistance	 characteristics	 (Qiao	 et	 al.,	 2002).		
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However,	Arabidopsis	BAG4	with	ubiquitin-like	domains	located	on	the	N	terminus	has	been	
predicted	to	localise	in	the	cytoplasm	(Doukhanina	et	al.,	2006).	The	possible	mode	of	action	
of	 this	protein	 in	protecting	against	necrotrophic	pathogens	would	be	different	 than	Bcl-2	
family	 proteins	 and	 is	 still	 highly	 speculative.	 However,	 Arabidopsis	 Bag4	 mutants	 have	
shown	 accelerated	 senescence	 and	 hypersensitivity	 to	 light,	 which	 is	 consistent	 with	 the	
idea	that	BAG4	promotes	cell	survival	in	plants	(Doukhanina	et	al.,	2006).	
	
In	 summary,	 this	 Chapter	 has	 provided	 evidence	 that	 Foc	 race	 1	 can	 be	 detected	 and	
quantified	 in-planta	using	end-point	PCR	and	qPCR,	respectively.	The	primers	designed	for	
this	purpose	still	 require	 testing	 to	make	sure	 that	 they	can	detect	various	 isolates	of	Foc	
race	 1	 and	 that	 they	 discriminate	 between	 races	 of	 Foc.	 Fungal	 colonisation	 and	 cellular	
morphological	 changes	 in	 the	 roots	 were	 also	 examined	 using	 microscopy.	 The	 low	
resolution,	 low	 contrast	 and	 the	 need	 to	 use	 specific	 stains	 (such	 as	 trypan	 blue,	 Lacto-
Fuchsin	 and	 Congo	 red)	 associated	 with	 bright	 field	 light	 microscopy	 can	 make	 the	
identification	 of	 plant	 and	 fungal	 components	 difficult.	 Scanning	 confocal	 microscopy	 in	
association	with	a	Lacto-Fuchsin	stain	 improved	 the	 resolution,	contrast	and	 identification	
of	 fungal	structure	within	the	tissue.	However,	 to	dramatically	 improve	our	understanding	
of	the	interaction	of	Foc	race	1	and	its	host	the	use	of	a	GFP	expressing	isolate	of	Foc	race	1	
is	warranted	(Guo	et	al.,	2015).	
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Chapter	6	-	General	Discussion	and	Conclusions	
	
Pests	 and	 diseases	 can	 be	 devastating	 for	 large	 monoculture	 cropping	 systems	 such	 as	
banana.	Bananas	are	susceptible	to	a	wide	range	of	insect	pests,	viral,	bacterial	and	fungal	
diseases	 (Pearce,	2008)	of	which	Fusarium	wilt,	 caused	by	 the	 soil-borne	 fungal	pathogen	
Fusarium	oxysporum	f.	sp.	cubense	(Foc),		is	generally	considered	to	be	the	most	destructive	
(Ploetz,	1994).	In	1992	a	new,	highly	aggressive	strain	of	the	fungus	called	Foc	tropical	race	4	
(TR4)	 was	 discovered	 in	 Southeast	 Asia.	 TR4	 is	 able	 to	 infect	 cultivars	 in	 the	 previously	
resistant	 ‘Cavendish’	 subgroup,	which	 today	accounts	 for	about	45	percent	of	 the	world’s	
banana	production.	Since	 its	 identification,	TR4	has	spread	throughout	Southeast	Asia	and	
Australia’s	 Northern	 Territory	 slowly	 devastating	 the	 industry.	 More	 recently,	 it	 was	
reported	outside	these	regions	in	Jordan	in	2013	(García-Bastidas	et	al.,	2014),	shortly	after	
in	Mozambique	(Koeppel,	2014)	and	on	March	2015	was	detected	on	a	Queensland	banana	
plantation	near	Tully,	the	largest	banana	growing	region	of	Australia.	TR4	is	undoubtedly	a	
major	threat	to	the	global	banana	industry	and	it	is	only	a	matter	of	time	before	it	appears	
in	other	major	banana	growing	regions	of	the	world.	
	
With	 the	 looming	 threat	 of	 Foc	 TR4	 on	 the	 global	 banana	 industry,	 the	 development	 of	
genetically	resistant	varieties	is	a	high	priority.	Molecular	breeding	of	banana,	also	known	as	
genetic	 engineering,	 is	 a	 promising	 approach	 to	 provide	 tangible	 solutions	 to	 the	 TR4	
problem	(Dickman,	2004;	Khanna	et	al.,	2004).	Antimicrobial	peptides	and	siRNA-mediated	
gene	silencing	strategies	have	recently	been	effectively	used	against	Foc	race	1	(Mohandas	
et	 al.,	 2013;	 Ghag	 et	 al.,	 2014a).	 In	 addition,	 the	 transgenic	 modification	 of	 pathways	
regulating	programmed	cell	death	(PCD)	in	banana	has	been	shown	to	confer	resistance	to	
Foc	 race	1	 (Paul	 et	al.,	2011;	Ghag	 et	al.,	2014b).	Based	on	 the	success	of	 the	strategy	of	
Paul	and	colleagues,	 the	work	presented	 in	 this	 thesis	explored	 the	potential	use	of	plant	
and	 viral	 negative	 regulators	 of	 PCD	 to	 generate	 transgenic	 ‘Lady	 Finger’	 bananas	 with	
resistance	to	Foc	race	1.	
	
At	the	start	of	this	project,	no	primary	sequence	homology	to	any	of	the	mammalian	Bcl-2	
family	members	had	been	 found	 in	plants	 (Williams	 and	Dickman,	 2008).	However,	 other	
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types	 of	 genes	 involved	 in	 the	 down-regulation	 of	 apoptosis	 had	 been	 identified	 and	
characterised	 in	 viruses	 and	 plants	 and	 a	 selection	 of	 these	 were	 used	 as	 alternative	
transgenes.	 Of	 the	 nine	 transgenes	 (AtBag4,	 OsBag4,	 Ced-9,	 mCed-9,	 p35,	 AtBI-1,	 Sf-iap,	
Hsp70	and	Hsp90)	used	 in	 this	 study,	Bag4	 consistently	provided	better	 resistance	 to	 Foc	
race	 1	 in	 ‘Lady	 Finger’	 banana.	 Out	 of	 the	 lines	 tested,	 two	 lines	 LF-AtBag4-69	 and	 LF-
OsBag4-33	were	selected	for	consistently	providing	Foc	race	1	resistance	very	close	to	the	
resistant	 ‘Cavendish’	 control	pants.	Considering	 that	no	sustainable	control	 strategy	exists	
for	 Fusarium	 wilt	 of	 banana,	 this	 outcome	 is	 highly	 significant.	 Despite	 these	 promising	
results,	the	testing	of	these	plants	under	field	conditions	through	several	plant	generations	
will	 ultimately	 need	 to	 be	 done	 for	 Foc	 race	 1	 and	 Foc	 TR4.	 Further,	 these	 genes	 will	
ultimately	 need	 to	 be	 tested	 for	 their	 ability	 to	 confer	 resistance	 against	 Foc	 TR4	 in	 a	
‘Cavendish’	background.	
	
Even	if	transgenic	banana	plants	are	found	to	have	resistance	against	TR4,	it	will	be	several	
years	before	these	plants	get	available	to	farmers	due	to	the	lengthy	time	associated	with	
the	deregulation	process.	Deregulation	of	a	GMO	is	a	long	and	expensive	endeavour.	Even	
though	 commercial	 bananas	 are	 essentially	 sterile	 and	 there	 is	 no	 risk	 of	 transgene	 flow	
from	 transgenic	 to	non-transgenic	plants,	 a	deregulation	data	package	will	be	 required	 to	
provide	 as	 much	 information	 as	 possible	 on	 the	 banana	 line/s	 to	 be	 deregulated.	 This	
information	 would	 include	 copy	 number	 integration	 of	 the	 transgene	 and	 site/s	 of	
integration,	acute	toxicity	testing,	human	nutrition	studies	as	well	as	the	extensive	testing	in	
the	field	including	multi-location	trials	for	disease	resistance,	agronomic	qualities,	transgene	
expression	and	protein	 stability	over	 three	 successive	 generations.	 In	 addition,	 the	use	of	
anti-apoptosis	genes	as	a	 resistance	strategy	against	necrotrophic	 fungal	pathogens	 raises	
the	question	concerning	the	potential	for	increased	susceptibility	to	biotrophs.	Therefore,	it	
will	also	be	important	to	monitor	these	plants	for	increased	susceptibility	to	major	banana	
viruses	such	as	banana	bunchy	top	virus	 (BBTV)	and	banana	streak	virus	 (BSV)	under	 field	
conditions.	Providing	all	of	this	information	is	only	part	of	the	hurdle	towards	GMO	release.	
In	countries	like	Uganda	where	there	is	no	regulatory	framework	on	biosafety	and	GMOs,	it	
is	likely	to	take	longer	for	useful	GMOs	to	be	deregulated	and	authorised	for	release.	
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Farmer	 and	 consumer	 acceptance	 in	 particular	 are	 by	 far	 the	 biggest	 challenges	 for	 GM	
crops	 to	 be	 recognised	 globally	 as	 safe.	 There	 is	 ‘overwhelming	 evidence’,	 however,	 the	
modifications	 caused	 to	 crops	 by	 biotechnology	 approaches	 are	 far	 less	 than	 the	 ones	
caused	by	conventional	breeding	approaches	which	have	a	long	record	of	safe	use	(Herman	
and	Price,	2013).	Further,	20	years	of	research	with	GMOs	in	our	food	supply	have	provided	
sufficient	evidence	that	GM	crops	do	not	pose	any	risks	to	our	health	or	the	environment	
than	 those	 posed	 by	 conventionally	 bred	 crops	 (DeFrancesco,	 2013).It	would	 appear	 that	
the	real	issue	is	whether	or	not	consumers	are	able	to	make	an	informed	choice	over	what	
they	eat.	GM	crops	with	traits	such	as	disease	resistance,	which	are	attractive	to	those	who	
grow	or	 distribute	 them,	 are	 usually	 not	 big	 selling	 points	 for	 the	 consumers	 and	 usually	
more	 difficult	 to	 identify	 for	 the	 consumers.	 Other	 GM	 crops	with	 traits	 that	 benefit	 the	
consumer	 such	 as	 the	 recently	 USDA	 deregulated	 non-browning	 ‘Arctic	 Apple’	
(www.arcticapples.com)	and	 the	 low	black	 spot	bruise	and	 low	asparagine	 ‘Innate’	potato	
(www.simplotplantsciences.com)	put	the	choice	back	in	the	hand	of	the	consumer	and	are	
likely	to	change	the	debate	around	GM	foods	and	their	acceptance.	In	the	future,	it	is	likely	
that	GM	foods	for	which	there	are	incentives	for	farmers	to	grow	and	for	consumers	to	buy	
would	be	more	readily	accepted.	In	fact,	a	second	generation	of	the	‘Innate’	potato,	merging	
both	 farmer	 and	 consumer	 attractive	 traits	 by	 combining	 the	 original	 traits	 to	 late	 blight	
disease	resistance	and	lowered	reducing	sugars	is	already	in	development.	Further,	by	only	
using	 genetic	 elements	 from	 wild	 and	 cultivated	 potatoes	 the	 ‘Innate’	 potato	 could	 be	
classified	as	an	intragenic	rather	than	a	transgenic	crop.	
	
As	 safety	 around	 genetically	 engineered	 (GE)	 crops	 becomes	 less	 and	 less	 questionable,	
obtaining	acceptance	from	farmers	and	consumers	will	be	the	next	challenge	of	GM	food.	
The	development	of	GE	crops	similar	to	the	original	variety	from	which	it	is	derived	will	be	
an	important	consideration.	As	such,	there	is	a	strong	push	toward	the	development	of	GE	
crops	for	which	newly	introduced	genetic	material	is	derived	from	the	species	itself	or	from	
closely	related	species	capable	of	sexual	hybridisation	(Holme	et	al.,	2013).	These	intragenic	
and	 cisgenic	 crops	 are	 currently	 regulated	 as	 transgenic	 crop	worldwide	 but	 as	 the	 gene	
pool	exploited	by	both	technologies	is	identical	to	the	gene	pool	available	for	conventional	
breeding,	 less	 comprehensive	 regulatory	 measures	 will	 be	 expected	 in	 the	 future.	
Researchers	 in	 the	CTCB	are	 currently	 adopting	 this	 approach.	 The	banana	Bag4	ortholog	
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(MusaBag4)	from	‘Cavendish’	has	been	isolated	and	together	with	either	its	own	regulatory	
sequences	 (promoter	 and	 3’UTR)	 for	 a	 cisgenic	 or	 with	 Musa-derived	 root	 specific	
regulatory	elements	for	an	intragenic	approach,	will	be	tested	in	the	near	future.	
	
In	 summary,	 there	 have	 been	 several	 important	 outcomes	 derived	 from	 this	 research	
project.	 Firstly,	 it	 has	 been	 demonstrated	 that	 plant	 derived	 anti-apoptosis	 genes	 can	 be	
used	 to	 generate	 transgenic	 ‘Lady	 Finger’	 banana	 plants	with	 increased	 resistance	 to	 the	
serious	fungal	pathogen	of	banana,	Foc	race	1.	The	in-vitro	assay	developed	in	this	study	will	
hopefully	 reduce	 the	 time	 needed	 to	 screen	 and	 identify	 Foc	 resistant	 lines,	 increase	 the	
screening	 throughput	 and	 reduce	 glasshouse-associated	 time	 and	 costs.	 Finally,	 since	
external	symptom	of	Foc	are	unreliable,	the	ability	to	quantify	the	level	of	Foc	load	in-planta	
will	 be	an	added	advantage	under	 field	 condition	where	plants	need	 to	be	monitored	 for	
several	generations.	
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Appendices	
	
Appendix	I:	Media	and	solutions	
	
Bacterial	culture	media	
	
LB	media	
Components	 Quantity/L	
Bacto-tryptone	 10	g	
Yeast	extract	 5	g	
NaCl	 5	g	
Agar	or	if	liquid	no	agar	 15	g	
	
	
	
	
	
	
	
	
	
	
	
Fungal	culture	media	and	solutions	
	
PDA	media	
Components	 Quantity/L	
PDA	 9.76g	
Agar	 16.25g	
	
Meal	stock	
Components	 Quantity/500	mL	
FeSO4	7H2O	 4.6	g	
MnSO4	4H2O	 0.93	g	
ZnSO4	7H2O	 1.4	g	
CoCl2	6H2O	 1.83	g	
Concentrated	HCl	 5	mL	
Water	 495	mL	
	
Fusarium	liquid	growth	media	
	
Components	 Quantity/L	
Metal	stock	 1	mL	
(NH4)2	SO4	 1.75	g	
KH2	PO4	 2	g	
NH2	Co	NH2	 0.3	g	
SOB	media	
Components	 Quantity/L	
Bacto-tryptone	 20	g	
Bacto-yeast	extract	 5	g	
NaCl	 0.5	g	
1M	KCl	 2.5	mL	
2M	MgCl2	 5	mL	
pH	 7.0	
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MgSO4	7H20	 0.3	g	
Tri-sodium	citrate	 20.58	g	
pH	KOH/HCl	 4.5-5	
Autoclave	and	add	filter	sterilised	
CaCl2	(0.4	g/mL)	 1mL	
Glucose	(250	mg/mL	 40mL	
	
Media	for	interaction	systems	(MIS)	
	
Components	 Quantity/L	
Ms	stock	1(Macro)	 50	mL	
Ms	stock	2	(Micro)	 10	mL	
Ms	stock	4	(Fe-EDTA)	 5	mL	
Bluggoe	vitamin	stock	 10	mL	
Ascorbic	acid	 10	mg	
pH	(KOH/HCl)	 5.7	
Agar	(if	solid)	 7	g	
	
Stock	solutions	for	plant	tissue	culture	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
MS	stock	solution	1	-	Macronutrients	(10x)	
Components	 Quantity/L	
NH4NO3	 16.5	g	
KNO3	 19	g	
CACl2	2H2O	 4.5	g	
MgSO4	7H2O	 3.7	g	
KH2PO4	 1.7	g	
MS	stock	solution	2	-	Micronutrients	(100x)	
Components	 Quantity/L	
MnSO4	4H2O	 2.23	g	
ZnSO4	7H2O	 860	mg	
H3BO4	 620	mg	
KI	 83	mg	
NaMoO4	2H2O	 25	mg	
CuSO4	5H2O	 2.5	mg	
CoCl2	6H2O	 2.5	mg	
MS	stock	solutions	3	-	Vitamins	(100x)	
Components	 Quantity/500	mL	
Myo-inositol	 10	g	
Nicotinic	acid	 50	mg	
Pyridoxine	HCl	 10	mg	
Thiamine	HCl	 200	mg	
Glycine	 200	mg	
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MS	stock	solution	4	-	Fe-EDTA	(100x)	
Components	 Quantity/L	
Na-EDTA	2H2O	 931	mg	
FeSO4	7H20	 695	mg	
	
Morel	and	Wetmore	vitamins	stock	(100x)	
Components	 Quantity/L	
Myo-inostol	 10	g	
Nicotinic	acid	 100	mg	
Pyridoxine	HCl	 100	mg	
Thiamine	 100	mg	
Ca	Pantothenate	 100	mg	
Biotin	 1	mg	
Folic	acid	 1000	mg	
	
	
	
	
	
	
	
	
Media	for	plant	tissue	culture	
	
Multiplication	media	
Components	 Quantity/L	
MS	stock	1	(Macro)	 100	mL	
MS	stock	2	(Micro)	 10	mL	
MS	stock	3	(Vitamins)	 10	mL	
MS	stock	4	(Fe-EDTA)	 10	mL	
BAP	(1	mg/mL)	 5	mL	
IAA	(mg/mL	 175	µL	
Sucrose	 20	g	
pH	(KOH/HCl)	 5.7	
Phytagel	 2	g	
	
Rooting	media	
Components	 Quantity/L	
MS	stock	1	(Macro)	 50	mL	
MS	stock	2	(Micro)	 10	mL	
MS	stock	4	(Fe-EDTA)	 5	mL	
M	and	W	vitamins	stock	 10	mL	
Ascorbate	 10	mg	
Sucrose	 20	g	
pH	(KOH/HCl)	 5.7	
Agar	(no	agar	if	liquid)	 7	g	
Bluggoe	vitamins	(100x)	
Components	 Quantity/500	mL	
Nicotinic	acid	 10	g	
Pyridoxine	HCl	 50	mg	
Thiamine	HCl	 10	mg	
Glycine	 200	mg	
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Appendix	II:	Glasshouse	bioassays	from	Chapter	3	-	External	symptoms	
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Figure	1.	Quantitative	assessment	of	the	external	symptoms	of	Foc	race	1	 infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	T1.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	 1	 and	 grown	 in	 the	 glasshouse.	 After	 12	 weeks,	 the	 plants	 were	 scored	 for	 characteristic	
external	 symptoms.	 Results	 are	 presented	 as	 score	 means	 ±	 standard	 errors	 (n=	 3	 biological	
replicates).	The	significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	
test.	Differences	were	considered	significant	at	P	<	0.05.	*	=	statistically	‘better’	than	the	susceptible	
cultivar	‘Lady	Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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Figure	2.	Quantitative	assessment	of	the	external	symptoms	of	Foc	race	1	 infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	T2.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	 1	 and	 grown	 in	 the	 glasshouse.	 After	 12	 weeks,	 the	 plants	 were	 scored	 for	 characteristic	
external	 symptoms.	 Results	 are	 presented	 as	 score	 means	 ±	 standard	 errors	 (n=	 3	 biological	
replicates).	The	significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	
test.	Differences	were	considered	significant	at	P	<	0.05.	*	=	statistically	‘better’	than	the	susceptible	
cultivar	‘Lady	Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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Figure	3.	Quantitative	assessment	of	the	external	symptoms	of	Foc	race	1	 infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	T3.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	 1	 and	 grown	 in	 the	 glasshouse.	 After	 12	 weeks,	 the	 plants	 were	 scored	 for	 characteristic	
external	 symptoms.	 Results	 are	 presented	 as	 score	 means	 ±	 standard	 errors	 (n=	 3	 biological	
replicates).	The	significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	
test.	Differences	were	considered	significant	at	P	<	0.05.	*	=	statistically	‘better’	than	the	susceptible	
cultivar	‘Lady	Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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Figure	4.	Quantitative	assessment	of	the	external	symptoms	of	Foc	race	1	 infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	T4.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	 1	 and	 grown	 in	 the	 glasshouse.	 After	 12	 weeks,	 the	 plants	 were	 scored	 for	 characteristic	
external	 symptoms.	 Results	 are	 presented	 as	 score	 means	 ±	 standard	 errors	 (n=	 3	 biological	
replicates).	The	significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	
test.	Differences	were	considered	significant	at	P	<	0.05.	*	=	statistically	‘better’	than	the	susceptible	
cultivar	‘Lady	Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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Figure	5.	Quantitative	assessment	of	the	external	symptoms	of	Foc	race	1	 infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	T5.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	 1	 and	 grown	 in	 the	 glasshouse.	 After	 12	 weeks,	 the	 plants	 were	 scored	 for	 characteristic	
external	 symptoms.	 Results	 are	 presented	 as	 score	 means	 ±	 standard	 errors	 (n=	 10	 biological	
replicates).	The	significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	
test.	Differences	were	considered	significant	at	P	<	0.05.	*	=	statistically	‘better’	than	the	susceptible	
cultivar	‘Lady	Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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Figure	6.	Quantitative	assessment	of	the	external	symptoms	of	Foc	race	1	 infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	T6.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	 1	 and	 grown	 in	 the	 glasshouse.	 After	 12	 weeks,	 the	 plants	 were	 scored	 for	 characteristic	
external	 symptoms.	 Results	 are	 presented	 as	 score	 means	 ±	 standard	 errors	 (n=	 10	 biological	
replicates).	The	significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	
test.	Differences	were	considered	significant	at	P	<	0.05.	*	=	statistically	‘better’	than	the	susceptible	
cultivar	‘Lady	Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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Figure	7.	Quantitative	assessment	of	the	external	symptoms	of	Foc	race	1	 infection	on	wild-type	
and	 transgenic	 ‘Lady	 Finger’	banana	 line	 in	T7.	Transgenic	banana	 lines	were	 inoculated	with	Foc	
race	 1	 and	 grown	 in	 the	 glasshouse.	 After	 12	 weeks,	 the	 plants	 were	 scored	 for	 characteristic	
external	 symptoms.	 Results	 are	 presented	 as	 score	 means	 ±	 standard	 errors	 (n=	 10	 biological	
replicates).	The	significance	of	differences	between	mean	values	was	evaluated	by	the	LSD	Post	Hoc	
test.	Differences	were	considered	significant	at	P	<	0.05.	*	=	statistically	‘better’	than	the	susceptible	
cultivar	‘Lady	Finger’	and	w	=	statistically	‘similar’	to	the	resistant	cultivar	‘Williams’.	
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